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Summary 

Bacterial polysaccharides represent a diverse range of macromolecules that include pepti-

doglycans (PGs), lipopolysaccharides (LPSs), teichoic acids (TAs) and capsular polysac-

charides (CPSs). Their functions range from structural cell-wall components, important 

virulence factors, to permitting the bacterium to survive in harsh environments. Identify-

ing and harnessing their structural and functional features of bacterial polysaccharides 

offers excellent opportunities for developing new vaccines and diagnostics in the fight 

against severe infectious diseases, such as sepsis, pneumonia, anthrax and tuberculosis. 

As major virulence factors, CPSs which consist of repeating units (RUs) have been inves-

tigated to confer immunological protection against the pathogens. To date, several li-

censed vaccines based on isolated CPSs are available against pathogenic bacteria such as 

Streptococcus pneumoniae. One major obstacle in current vaccine manufacture is the iso-

lation and purification of pure CPSs from pathogens on sufficient scale. As the pertinent 

immunogenic epitopes comprise only part of the polysaccharides, synthetic oligosaccha-

rides with defined structures have emerged as an attractive option with the potential to 

understand glycan immunology and rationally engineer efficacious vaccines. In the first 

part of this work, a unique design aspect was considered to develop novel semisynthetic 

glycoconjugate vaccine candidates wherein RUs were bridged using an aliphatic spacer 

via an amide linkage (Figure 1), thereby eliminating the laborious and challenging glyco-

sidic linkage formation. The branched tetrasaccharide RU of CPS from S. pneumoniae 

serotype 14 (ST-14), which was reported as the smallest core structure required to induce 

specific antibodies, has been chosen as the target to synthesize spacer bridged oligosac-

charide derivatives. These synthetic CPS fragment derivatives were conjugated to carrier 

protein CRM197 to obtain vaccine candidates against ST-14. The immunological evalua-

tion of these novel glycoconjugates was carried out in mice. 

 

Figure 1: Schematic structure of (A) natural capsular oligosaccharide and (B) spacer bridged RUs. 
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Along with CPSs, TAs are also viable targets that can be used to fight against disease 

caused by Gram-positive bacteria. The most common repeating units of wall teichoic ac-

ids (WTAs) are glycerol-phosphate (GroP) or ribitol-phosphate (RboP). The hydroxyls of 

GroP and RboP are usually tailored with cationic D-alanine esters and monosaccharides, 

commonly glucose or N-acetylglucosamine. Particularly, nearly all the RboP units in 

Staphylococcus aureus contain O-GlcNAc. In order to better understand their roles and 

functions, a fragment of WTA, trimer of RboP, was synthesized to decipher their biosyn-

thesis process in the second part of this work. The synthetic fragment was soaked into the 

TarP glycosyltransferase, which has been recently discovered to modify RboP with O-

GlcNAc in S. aureus, to characterize their binding domain (Figure 2). Site-directed muta-

genesis experiments of TarP revealed critical residues (D181, R159 and Y152) for en-

zyme activity. 

 

Figure 2: Interaction of active site residues of TarP with synthetic trimer of RboP. OMIT map of synthetic 

trimer of RboP (contoured at 3 σ) is provided (Inset). 

 

Access to large amounts of well-defined oligosaccharides is a prerequisite for understand-

ing their roles in biological process of the pathogen, thereby combating the harmful bacte-

ria. Despite the progress that has been made in carbohydrate chemistry, still very little is 

known about controlling glycosylation reactions as the reaction conditions, which are 

developed for one substrate, are not amenable or general enough for others as would be in 
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the case of peptide and oligonucleotide synthesis. Efforts have been made from two dif-

ferent angles in order to better understand the whole process of glycosylation reaction in 

this work. The inexpensive reagent, 1,3-dibromo-5,5-dimethylhydantoin (DBDMH), has 

been demonstrated to be a powerful promoter for the activation of thioglycosides both in 

solution and in automated glycan assembly on solid phase in Chapter 4 (Figure 3). A va-

riety of glycosyl donors containing diverse protecting groups have been investigated with 

promising results, while the stereoselectivity follows reported trends. Compared with N-

iodosuccinimide (NIS), which is a common method for thioglycoside activation, this 

promoter is readily available, highly soluble, and shelf-stable. 

 

Figure 3: 1,3-Dibromo-5,5-dimethylhydantoin (DBDMH) as promoter for thioglycosides. 

 

Along the same line, Chapter 5 gives an insight into the mechanism behind glycosylation 

reaction in depth by catching glycosyl cations using ultra-cold infrared spectroscopy. It is 

generally accepted that the reaction involves oxocarbenium ions as intermediate, which, 

however, have not been observed yet. To get empirical evidence for the mechanism, a 

library of monosaccharide donors with different protecting-group patterns has been syn-

thesized to generate and characterize their glycosyl cations by cold-ion infrared spectros-

copy. Thus, if one understands the process of glycosylation on a molecular level, a uni-

versal method might be able to be developed, which could immensely facilitate the devel-

opment of the glycosciences. 
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Zusammenfassung 

Zu den bakteriellen Polysacchariden gehört eine Vielzahl an Makromolekülen, unter an-

derem Peptidoglycane (PG), Lipopolysaccharide (LPS), Teichonsäuren (TA) und Kapsel-

polysaccharide (CPS). Diese können zum Beispiel als strukturelle Komponenten der 

Zellwand oder als wichtige Virulenzfaktoren dienen oder dem Bakterium ein Überleben 

auch unter schwierigen Bedingungen ermöglichen. Können die strukturellen und funktio-

nalen Eigenschaften der bakteriellen Polysaccharide identifiziert und nutzbar gemacht 

werden, bietet dies exzellente Möglichkeiten zur Entwicklung neuer Impfstoffe und diag-

nostischer Hilfsmittel im Kampf gegen Infektionskrankheiten wie Sepsis, Pneumonie, 

Anthrax und Tuberkulose.  

CPSs sind als wichtige Virulenzfaktoren, die aus sich wiederholenden Einheiten (repea-

ting units, RUs) aufgebaut sind, besonders interessant für die Impfstoffentwicklung. Der-

zeit sind mehrere Impfstoffe gegen pathogene Bakterien wie Streptococcus pneumoniae, 

die auf isolierten CPSs basieren, auf dem Markt. Eine große Hürde für die moderne Impf-

stoffherstellung ist dabei die Isolierung und Aufreinigung der CPSs von Krankheitserre-

gern in hinreichendem Maßstab. Da nur ein Teil der Polysaccharide eines Bakteriums 

auch relevante und immunogene Epitope darstellen, gewinnen synthetische Oligosaccha-

ride mit definierter Struktur an Bedeutung. Diese können als eine attraktive Grundlage 

dienen, die Immunologie der Glycane besser zu verstehen und effiziente Impfstoffe zu 

entwickeln. Im ersten Teil der vorliegenden Arbeit wurden RUs eines Polysaccharids 

unter Zuhilfenahme eines aliphatischen Spacers über Amidbindungen verknüpft (Abbil-

dung 1). Dieses neuartige Design erlaubt die Entwicklung semisynthetischer Glycokonju-

gat-Impstoffe und umgeht dabei die aufwändigen und anspruchsvollen Glycosylierungs-

reaktionen. Als erstes Zielmolekül für die Synthese dieser über einen Spacer verknüpften 

Polysaccharide wurde die aus einem Tetrasaccharid bestehende, verzweigte RU des CPS 

von S. pneumoniae Serotyp 14 (ST-14), die als kleinste notwendige Struktur, um die Bil-

dung spezifischer Antikörper auszulösen, identifiziert wurde, ausgewählt. Diese syntheti-

schen CPS Fragment-Derivate wurden an das Carrier-Protein CRM197 gebunden, um 

Impfstoff-Kandidaten zu enthalten. Die immunologische Testung dieser neuartigen Gly-

cokonjugate wurde in Mäusen durchgeführt. 
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Abbildung 1: Schematische Struktur der (A) natürlichen Kapselpolysaccharide und (B) der über Spacer 

verknüpfte RUs. 

Neben CPSs gehören auch TAs zu den interessanten Zielstrukturen, die genutzt werden 

können, um von Gram-positiven Bakterien verursachte Krankheiten zu bekämpfen. Die in 

Wandteichonsäuren (WTAs) am häufigsten vorkommenden sich wiederholden Einheiten 

bestehen aus Glycerinphosphat (GroP) und Ribitphosphat (RboP). Die Hydroxygruppen 

von GroP und RboP sind in den meisten Fällen mit kationischen D-Alaninestern und Mo-

nosacchariden, häufig Glucose oder N-Acetylglucosamin, bestückt. Besonders die RboP 

Einheiten in Staphylococcus aureus enthalten fast alle O-GlcNAc. Im zweiten Teil dieser 

Arbeit wurde ein WTA-Fragment, ein Trimer von RboP, synthetisiert, um die Funktion 

der WTAs genauer zu erforschen und um die Biosynthese zu entschlüsseln. Durch Soa-

king wurden Protein-Liganden-Kristalle von dem synthetisierten Fragment und TarP-

Glycosyltransferase, welche in S. aureus RboP mit O-GlcNAc modifiziert, erhalten, 

wodurch die Bindungsdomäne des Proteins charakterisiert werden konnte (Abbildung 2). 

Darüber hinaus konnten durch zielgerichtete Mutagenese-Experimente mit TarP die für 

die enzymatische Aktivität entscheidenden Aminosäuren identifiziert werden. 
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Abbildung 2: Interaktion der Aminosäurereste im aktiven Zentrum von TarP mit dem synthetischen RboP-

Trimer. OMIT Map des synthetischen RboP-Trimers (Konturlevel: 3 σ) ist verzeichnet (Inset). 

Eine Grundvoraussetzung, um die Rolle von Glycanen in biologischen Prozessen weiter 

erforschen zu können und damit pathogenen Bakterien etwas entgegen setzen zu können, 

ist Zugang zu definierten Oligosacchariden in größeren Mengen. Auch wenn auf dem 

Gebiet der Kohlenhydratchemie in der Vergangenheit viele Erfolge erzielt wurden, sind 

die genauen Mechanismen, wie Glycosylierungen beeinflusst werden können, nicht voll-

ständig geklärt. So können Reaktionsbedingungen, die für ein Substrat optimiert wurden, 

nicht generell auf andere übertragen werden, wie das in der Peptid- und Oligonucleotid-

Synthese der Fall ist. In der vorliegenden Arbeit wurden zwei Ansätze verfolgt, um Ein-

sicht in den Glycosylierungs-Prozess zu gewinnen. In Kapitel 4 wird gezeigt, dass das 

kostengünstige 1,3-Dibrom-5,5-dimethylhydantoin (DBDMH) sowohl in der Flüssigpha-

sensynthese als auch in der automatisierten Festphasensynthese erfolgreich als leitungs-

starker Promoter für die Aktivierung von Thioglycosiden eingesetzt werden kann (Abbil-

dung 3). Verschiedene Glycosylbausteine, die mit unterschiedlichen Schutzgruppen aus-

gestattet wurden, zeigten bei Aktivierung mit DBDMH vielversprechende Ergebnisse, 

während die Stereoselektivität der Reaktionen den in der Literatur bekannten Tendenzen 

entsprach. Verglichen mit N-Iodsuccinimid (NIS), das häufig zur Aktivierung von 

Thioglycosiden eingesetzt wird, ist dieser Promoter leicht zugänglich, sehr gut löslich und 

auch bei Raumtemperatur stabil in Lösung. 

 

Abbildung 3: 1,3-Dibrom-5,5-dimethylhydantoin (DBDMH) als Promoter für Thioglycoside. 

In ähnlicher Weise gibt Kapitel 5 weitere Einsichten in den Mechanismus, der Glycosy-

lierungen zugrunde liegt, indem mittels Kaltionen-Spektroskopie IR-Spektren von Glyco-

sylkationen aufgezeichnet wurden. Es wird generell angenommen, dass bei diesen Reak-

tionen intermediär Oxocarbenium-Ionen entstehen, dies konnte bis jetzt allerdings nicht 

nachgewiesen werden. Um die Existenz dieser Kationen empirisch zu beweisen, wurde 

ein Satz an Monosacchariden, die alle unterschiedliche Schutzgruppen tragen, syntheti-
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siert und in Glycosylkationen überführt und diese dann mittels Kaltionen-Spektroskopie 

charakterisiert. Kann auf diese Weise der Prozess der Glycosylierungsreaktion auf mole-

kularer Ebene aufgeklärt werden, könnte dies die Entwicklung einer universalen Methode 

ermöglichen und so Kohlenhydratchemie in Zukunft deutlich erleichtern. 
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Chapter 1 

Introduction 

1.1 Cell surface polysaccharides of Gram-positive bacteria 

Surface polysaccharides, such as lipopolysaccharides (LPSs), capsular polysaccharides 

(CPSs) and teichoic acids (TAs), represent the predominant structures on bacterial cell 

envelopes, and they are often important players in the interactions between pathogens, 

their hosts and the environment. The role of these glycan moieties in symbiosis, patho-

genesis, biofilm formation, cell-cell interactions and evasion of the immune response1-4 is 

just beginning to be understood. The structures and compositions of cell envelopes are 

quite diverse between different bacterial species. This dissertation focuses on surface pol-

ysaccharides of Gram-positive bacteria. 

 

Figure 1.1: Schematic representation of cell surface of Gram-positive bacteria. 
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The Gram-positive cell wall (Figure 1.1), layered on top of cytoplasmic membrane, is 

mainly composed of a 20-80 nm thick layer of peptidoglycans (PGs). TAs (discussed fur-

ther in Chapter 4) are anionic glycopolymers: lipoteichoic acids (LTAs) are anchored by 

lipids in the cytoplasmic membrane, while wall teichoic acids (WTAs) are covalently 

linked to PGs. 

CPSs are lying outside the cell wall of bacteria. In the early 1920s, Heidelberger reported 

the purification of the soluble specific substance from pneumococcus-capsular polysac-

charide.5 Thanks to advances in structural biochemistry and carbohydrate chemistry, 

many CPSs have been chemically characterized.3 The molecular compositions of CPSs, 

which are made of either monosaccharides6, 7 or from repeating units (RUs) normally 

consisting of two to six sugar residues, vary extensively between organisms and even 

between strains within a single species (Figure 1.2).8-11 

 

Figure 1.2: Capsular polysaccharide repeating units associated with particular species of bacteria. In fact, 

CPSs can be found in both Gram-positive (S. pneumoniae) and Gram-negtive (S. typhi, N. meningitides, S. 

dysenteriae and H. influenzae) bacteria. 
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1.2 Capsular polysaccharide-based vaccines 

It is well established that CPSs are major virulence factors. Immunity against their com-

ponents confers protection against the pathogens. The CPS structural diversities, such as 

variations in RU composition, ring forms, glycosidic linkage positions and anomeric con-

figurations, contribute to differences in the immune response to these polysaccharides. 

Early in 1920s and 1930s, the immunological properties of bacterial CPSs were ob-

served.12, 13 It was evident that vaccination with pneumococcal capsular polysaccharides 

could elicit persistent antibody-mediated immunity to reduce the carrier rate of bacteria of 

the same types as in the vaccine.14 Despite these key discoveries, the advent of chemo-

therapeutics and antibiotics during the same period had dampened enthusiasm for devel-

oping vaccines. In 1970s, the steady increase in antibiotic resistance has indicated that 

antibiotics alone will not be able to eradicate pathogenic bacteria, which has catalyzed a 

renewed interest in carbohydrate vaccine development against a wide range of pathogens. 

Advances in immunology with delineation of B and T lymphocyte responses, and the role 

of T lymphocytes for immunological memory, as well as the structural elucidation of var-

ious surface polysaccharides have made possible the development of capsular polysaccha-

ride-based vaccines. Several licensed vaccines based either on purified CPSs or on their 

glycoconjugates are commercially available (Table 1.1).15 
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Table 1.1: Licensed CPS-based vaccines. CRM197: non-toxic mutant of DT. (Reprinted from ref. 15) 

 

1.2.1 Polysaccharide vaccines 

Capsular polysaccharide vaccines are a unique type of inactivated subunit vaccines com-

posed of long chains of sugar molecules isolated from pathogens. In 1983, the first poly-

saccharide vaccine, PneumoVax (Merck & Co.), was commercially launched. This vac-

cine was composed of capsular polysaccharides isolated from 14 pneumonia serotypes, 

while the current incarnation includes 23 out of approximately 95 known serotypes.16, 17 

This vaccine induces protection against almost 90% of infections in adults. But in high-

risk groups (children under two year-old, the elderly and immunocompromised people), 

polysaccharide vaccines generally elicit poor antibody response and could not induce 

adequate protection.18 

The poor antibody response to polysaccharides is largely attributed to the T-cell inde-

pendent immune response. Highly repetitive polysaccharide antigen units are recognized 

by antigen-presenting cells (APCs), including B cells, dendritic cells and macrophages. 

After recognition by an APC, these polysaccharides are endocytosed, depolymerized into 

smaller molecules ( ≈ 10-15 kDa) and presented on the surface of APCs for B-cell recog-

nition19, causing B-cell receptors (BCRs) to crosslink and begin production of IgM anti-

bodies (Abs). Without activation of CD4+ helper T cells3, 20, the immune responses are 

less robust, short-lived and primarily consist of IgM Abs, with minimal IgG class switch-

ing. Therefore, the inability of polysaccharides to induce the activation of the adaptive 

immune machinery is a major impediment to their use in pure form. 

 

1.2.2 Glycoconjugate vaccines 

In the early 1980s, isolated CPSs from pathogens were conjugated to carrier proteins21-23 

inspired by the hapten-carrier protein conjugation strategy24, 25 to recruit CD4+ T cells for 

antibody responses. Over the past 20 years, several glycoconjugates (Table 1.1) have 

been introduced into clinical use3 and they have played an enormous role in preventing 
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infectious diseases caused by highly virulent pathogens such as H. influenzae, N. menin-

gitidis and S. pneumoniae.26 

Inactivated bacterial toxoids, such as denatured diphtheria toxoid (DT) and tetanus toxoid 

(TT), and the non-toxic DT mutant CRM197 are widely used carrier proteins due to their 

potency to induce T cell activation.27 Recognition of the glycan moiety by BCRs followed 

by internalization, the glycoconjugates are depolymerized into smaller peptides or glyco-

peptides. These fragments are then loaded onto major histocompatibility complex (MHC) 

class II molecules and transported to the surface of the APC. The glycopeptide-MHCII 

complex can be recognized by the αβ-T cell receptors (TCRs) of CD4+ T cells, which 

induce cellular and cytokine-mediated signals, thereby prompting a significant enhance-

ment in the immune response with promotion of polysaccharide-specific IgM-to-IgG 

class switching, long-lived responses, leading to immunogenicity in children and the el-

derly (Figure 1.3).28, 29 

 

Figure 1.3: T-cell dependent immune response to glycoconjugates. ROS: Reactive oxygen species. IL-2 

and IL-4 are cytokines. (Reprinted from ref. 28) 

However, there are certain disadvantages in current glycoconjugate vaccine manufacture. 

One major obstacle is the process of isolation and purification of pure CPSs from patho-

gens in sufficient scale.30, 31 Co-isolated impurities such as other cellular polysaccharides 

are frequently found in CPS preparation, but their implications on the immune system are 



Chapter 1   Introduction 

22 
 

not known. Moreover, certain CPSs are unstable and degrade during isolation or formula-

tion processes, rendering the vaccine inefficient.32-34 

 

1.2.3 Semisynthetic glycoconjugate vaccines 

As the pertinent immunogenic epitopes comprise only part of the polysaccharides, oligo-

saccharides are often adequate for vaccine preparation. Synthetic oligosaccharide-protein 

conjugates, involving functional mimics of the natural polysaccharide antigens, have 

emerged as an attractive option to address the shortcomings associated with isolated poly-

saccharides.35 The advantages of this kind of vaccine candidates are well-defined chemi-

cal structures with less batch to batch variations (chain length, epitope conformation and 

carbohydrate/protein ratio) as well as lack of impurities present in polysaccharides ob-

tained from bacterial cultures. 

One of the most successful examples of such vaccines is the vaccine against H. influenzae 

type b developed in Cuba.36 A synthetic ribosylribitol phosphate (sRRP) oligomer was 

produced on a large scale under good manufacturing practice (GMP) conditions and con-

jugated to carrier protein TT with a sRRP-to-TT ratio of 1/2.6 by weight (Figure 1.4). 

This semisynthetic glycoconjugate vaccine was demonstrated to raise a comparable im-

mune response as the commercially available vaccine (Vaxem Hib) in clinical phase II 

trial, involving a total of 1141 infants. Subsequently, several clinical trials showed that 

this vaccine was effective in children with a 99.7% success rate and is now part of Cuba’s 

national immunization program.37 

 

Figure 1.4: H. influenzae oligosaccharide conjugated to carrier protein TT as synthetic carbohydrate-based 

vaccine. 
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1.2.4 Rational design of semisynthetic glycoconjugate vaccines 

Compared with isolated polysaccharides, synthetic oligosaccharides are much smaller in 

size. Therefore, an important step toward the design of an effective synthetic glycoconju-

gate vaccine is the determination of the right antigenic epitopes that lead to the production 

of antibodies which are specific and protect the host from the pathogen.38 

Glycan arrays,39-42 which enable the rapid and sensitive detection of interactions between 

glycans and antibodies, are used for elucidation of oligosaccharide epitopes. Minute 

amounts of multiple synthetic glycans, which usually harbor an amino group at the reduc-

ing end, are immobilized on glass slides functionalized with N-hydroxysuccinimide ester 

via covalent linkages. After incubation with antibody-containing sample, specific anti-

body-glycan binding events can be detected by incubation with a fluorescence-labeled 

secondary antibody.43-45 The fluorescence intensities of different spots are quantitatively 

determined for relative binding evaluation (Figure 1.5).46 With this experimental setup, 

glycan arrays containing a library of pathogenic glycan substructures can be used to de-

tect antibodies binding to certain structural motifs and thereby identify the immunodomi-

nant epitopes. 

 

Figure 1.5: Work-flow of glycan arrays for glycan-antibody binding detection. (Reprinted from ref. 46) 
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After uncovering the glycotopes, the specific oligosaccharides will be conjugated to the 

carrier protein to produce semisynthetic glycoconjugate vaccine candidates.47-49 One of 

the most efficient coupling methods for preparation of glycoproteins involves the use of 

homobifunctional reagents,50-53 such as adipate 4-nitro phenyl diester (Scheme 1.1), 

which fulfil the following demands: 

(i) chemoselective reaction of the linker with an oligosaccharide should work 

without affecting unprotected hydroxyl groups; 

(ii) the activated intermediate should be sufficiently stable to permit purification 

of the activated oligosaccharide; 

(iii) coupling of activated oligosaccharide with proteins should proceed with good 

to high efficiency. 

 

Scheme 1.1: Conjugation reaction for the preparation of glycoconjugates using p-nitro phenyl ester. 

The glycoconjugates are prepared, formulated with adjuvants such as Al(OH)3 or 

AlPO4,
54 and injected into mice or rabbits for immunological evaluation. The immune 

responses against the conjugates are assessed using glycan arrays and enzyme-linked im-

munosorbent assays (ELISA). Antibody-mediated opsonic activity and challenge long-

term memory response study are further carried out to verify the functional abilities of the 

generated antibodies (Figure 1.6).55 
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Figure 1.6: Major steps involved in preparation and evaluation of synthetic glycoconjugate vaccines.56 Ab: 

antibody. (Summarized from ref. 56) 

 

1.3 Oligosaccharide synthesis 

Access to large amounts of well-defined oligosaccharides is a prerequisite for further bio-

logical studies and currently posing the major bottleneck in the advancement of the entire 

carbohydrate research field. 

1.3.1 Glycosylation reaction 

Glycosylation is the most important and the most challenging reaction in carbohydrate 

chemistry. It involves the reaction between a glycosyl donor and a glycosyl acceptor, in 

the presence of an activator or promoter, to form a glycosidic bond. Upon activation of 

the glycosyl donor by the promoter, departure of the leaving group results in the for-

mation of a glycosyl cation which gets stabilized via an oxacarbenium ion intermediate. 

The nucleophile, glycosyl acceptor can then attack either from the top or the bottom face 

to form the glycosidic bond, leading to the formation of either α or β anomeric linkages 

(Scheme 1.2). 
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Scheme 1.2: General outline of glycosylation. LG: leaving group; PG: protecting group. 

Though conceptually extremely simple, the glycosylation reaction has been frustrating 

chemists since Koenigs and Knorr57 developed the first chemical glycosylation reaction at 

the beginning of 20th century. Three major challenges are: 

(i) regioselectivity, that is, which hydroxyl group of the glycosyl acceptor will re-

act as the nucleophile; 

(ii) stereoselectivity, that is, whether the newly formed glycosidic linkage is α or 

β; 

(iii) efficiency, that is, hydroxyl groups are not good nucleophiles. Particularly 

secondary hindered hydroxyl groups often result in moderate yields. 

Many factors, such as glycosyl donors, promoters, protecting-group patterns and reaction 

conditions, determine the outcome of a glycosylation reaction. 

 

1.3.2 Glycosyl donors 

a. Leaving groups 

Various types of glycosyl donors bearing different leaving groups have been developed 

during last few decades (Figure 1.7),58, 59 such as glycosyl halides57, 60-62, thioglycosides63, 

glycosyl imidates64, alkenyl glycosides65, alkynyl glycosides66, glycosyl phosphites67 or 

phosphates68 and glycals69. Among all these donors, thioglycosides are versatile glycosyl-
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ating agents which are commonly used in oligosaccharide synthesis due to their accessi-

bility, stability, compatibility with various reaction conditions, and orthogonality to other 

donors.63, 70-73 

 

Figure 1.7: Common glycosyl donors. 

b. Protecting groups 

Neighboring ester-type protecting groups at C-2 position of glycosyl donors, known as 

participating groups74-76, have been developed to assist in the formation of 1,2-trans gly-

cosides (Figure 1.8). And protecting groups at C-3, C-4 or C-6 may also affect the stere-

oselectivity by means of participation77, H-bond mediated aglycone delivery78, steric hin-

drance79 or electron withdrawal.80 

 

Figure 1.8: Participating groups at C-2 and C-4 positions. 

 

1.3.3 Reaction conditions 

a. Temperature 
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Since the α-glycoside is thermodynamically favored due to the anomeric effect, it is pre-

dominantly formed at higher temperature. And kinetically controlled glycosylations at 

lower temperatures generally favor β-glycoside formation.81 

b. Solvent effects 

The effect of solvents on the selectivity of the glycosylation reaction has been widely 

studied.82-84 Ether type solvents such as diethyl ether, tetrahydrofuran or dioxane lead to 

the preferential formation of the equatorial intermediate, yielding α-glycosides.85 And if 

the reactions are performed in acetonitrile, the nitrilium cation formed in situ exclusively 

adopts an axial orientation, allowing  for the stereoselective formation of β-glycosides.86 

 

Scheme 1.3: Solvent effects. 

 

1.3.4 Solid-phase oligosaccharide synthesis 

Compared with solution-phase synthesis, solid-phase oligosaccharide synthesis holds 

great advantages as it allows for removal of the excess reagents and other reaction by-

products by simple washing of the resin, thereby reducing the number of purification 

steps. 

Several key issues have to be considered when contemplating the development of solid-

supported synthesis of oligosaccharides.59, 87 The polymer support and the linker for its 

attachment to the sugar need to be planned very carefully so that it can withstand the reac-

tion conditions used for protecting-group manipulations, while at the same time, it should 

be labile so that it can be cleaved when required. The overall synthetic strategy could be 
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accomplished by attaching the reducing or non-reducing end of the sugar to the solid pol-

ymeric support, leaving the growing end subjected to glycosylations. Moreover, stereo-

specific and high-yielding glycosylation reactions are required for rational design of sol-

id-support-based oligosaccharide synthesis. 

Initial attempts at solid-phase oligosaccharide synthesis in the early 1970s met with little 

success owing to the limited glycosylation methods.88 It was not explored intensively 

until much later, when smarter strategies were attempted in 1990s by Danishefsky and co-

workers (Scheme 1.4).89-93 Firstly, glycal 2 was attached to the solid support 1 via a 6-O-

diphenyl arylsilane linker which could be readily cleaved by treatment with tetrabu-

tylammonium fluoride (TBAF). Then 3 was treated with dimethyldioxirane 4 to convert 

the double bond into 1,2-anhydro-sugar 5 as glycosyl donor. Disaccharide 6 was prepared 

by coupling of 5 and glycal acceptor 2 activated with zinc chloride. Tetrasaccharide 12 

was obtained by repetition of this procedure in 32% yield. 

 

Scheme 1.4: Synthesis of oligosaccharides with glycals on polystyrene copolymer through a silyl ether 

linker.93 Reagents: a) DIPEA, CH2Cl2; b) 4, CH2Cl2; c) 2, ZnCl2, THF; d) TBAF, acetic acid, THF; e) 10, 

ZnCl2, THF. 
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1.3.5 Automated glycan assembly (AGA) 

Building on solid-phase oligosaccharide synthesis, the first automated oligosaccharide 

synthesizer reengineered from a peptide synthesizer was introduced in 2001.94 Seeberger 

and co-workers carried out the automated synthesis of oligosaccharides by using glycosyl 

trichloroacetimidates and glycosyl phosphates as glycosylating agents through a simple 

coupling-deprotection cycle (Scheme 1.5). This modified synthesizer was used to assem-

ble oligosaccharides as large as dodecasaccharide 18 (Scheme 1.6) about 20 times faster 

than conventional methods. The oligosaccharides were then cleaved as n-pentenyl glyco-

sides from the octenediol-functionalized resin 13. However, the octenediol linker was not 

compatible with the electrophile required to activate thioglycosides. 

 

Scheme 1.5: Automated glycan assembly using trichloroacetimidates. Glycosylation conditions: 25 μmol of 

resin (83 mg, 0.30 mmol/g loading); 10 equiv. donor 14 (160 mg); 0.5 equiv. TMSOTf (1 mL, 0.0125 M 

TMSOTf in CH2Cl2) repeated two times for 30 min each. Deprotection conditions: 10 equiv. NaOMe (0.5 

mL, 0.5 M NaOMe in MeOH) in 5 mL of CH2Cl2 repeated two times for 30 min each. 
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Scheme 1.6: Dodecamer phytoalexin elicitor β-glucan. Glycosylation conditions: 25 μmol resin (83 mg, 

0.30 mmol/g loading); 5 equiv. donor 19 or 20 (90 and 170 mg, respectively); 5 equiv. TMSOTf (1 mL, 

0.125 M TMSOTf in CH2Cl2) repeated two times for 15 min each at -15 oC. Deprotection conditions: 4 mL, 

0.25 M N2H4 in pyridine/acetic acid (3:2) repeated two times for 15 min each at 15 oC. 

Since the introduction of AGA in 2001, many aspects of the synthetic process have been 

systematically improved. The commercially available Glyconeer 2.1 automated glycan 

synthesizer, which is equipped with various essential gadgets that facilitated the con-

trolled delivery of reagents using syringe-pump and computerized temperature control 

ranging from -50 oC to 90 oC, has been developed.95 Resin functionalized with a photola-

bile nitrobenzyl-ether-based linker 21, which could be cleaved in a continuous-flow pho-

toreactor, has been applied to AGA.96 This linker can accommodate an increasing variety 

of anomeric leaving groups, which makes thioglycosides currently as the most common 

donors used in AGA. After photocleavage, glycans with a free amine group at the reduc-

ing end are delivered, which can be easily used for further functionalization. With this 

optimized set-up, a 50mer polymannoside 23 has been rapidly assembled using AGA 

(Scheme 1.7), demonstrating an option to access biopolymers for material applications.97 
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Scheme 1.7: AGA of a 50mer polymannoside 23. 

 

1.4 Objectives of this thesis 

Given the importance of polysaccharides in various fields of relevance, CPS and teichoic 

acid from pathogenic bacteria were chosen as targets to better understand their roles in 

biological process of the pathogen and as possible solutions to combat the harmful bacte-

ria. 

Using the tool of organic chemistry, various oligosaccharides derived from S. pneumoni-

ae serotype 14 (ST-14) and S. aureus were synthesized. In the case of ST-14, an im-

portant epitope, the branched tetrasaccharide RU, was chosen as a target molecule. Since 

glycosylation reactions are difficult and making higher oligomers is still challenging, a 

unique design aspect was considered wherein the known protective epitope was bridged 

using an aliphatic spacer via an amide linkage, thereby eliminating the formation of gly-

cosidic linkages between repeating units. Since glycans are presented as multivalent 

cross-linking ligands to B cells, the flexible spacer should facilitate the presentation of the 

protective epitopes to elicit better immune response. A series of oligosaccharide deriva-

tives were synthesized and immunological evaluated to test the proposed hypothesis in 

Chapter 2. 

Considering the issues encountered in controlling bacterial infection, there has been far 

less success in the case of pathogens like P. aeruginosa, H. pylori, C. jejuni, S. aureus 

and others. The current rate of microbial resistence is also not helping either. Since a giv-
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en pathogen can have many virulence factors, it is important to find the right antigen that 

can be used to fight against the disease caused by the pathogen. Along with CPSs, LPSs, 

teichoic acids and proteins are also viable targets. In order to better understand their roles 

and functions, one needs to have some basic tools to first decipher their targets. Chapter 3 

deals with the chemical synthesis of wall teichoic acid fragment from S. aureus to under-

stand their role in defining the binding site with glycosyltransferase TarP. 

Even after decades of development in the field of carbohydrate chemistry, still very little 

is known about controlling glycosylation reactions as the reaction conditions, which are 

developed for one substrate, are not amenable or general enough for others as would be in 

the case of peptide and oligonucleotide synthesis. In order to better understand the whole 

process of glycosylation, a promoter is developed for both solution and solid phase oligo-

saccharide synthesis in Chapter 4. Along the same line, Chapter 5 gives an insight into 

the mechanism behind glycosylation in-depth using ultra-cold infrared spectroscopy, for 

which a library of different monosaccharide substrates was synthesized and studied. Thus, 

if one understands the process of glycosylation on a molecular level, a universal method 

might be able to be developed, which would immensely facilitate the advancement of 

glycoscience field. 
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Chapter 2 

Development of semisynthetic glycoconjugate vaccine candi-

dates against Streptococcus pneumoniae serotype 14 

 

2.1 Introduction 

2.1.1 Streptococcus pneumoniae 

S. pneumoniae are lancet-shaped, gram-positive bacteria that colonize the mucosal sur-

faces of the upper respiratory tract, causing severe invasive pneumococcal diseases 

(IPDs) like pneumonia, septicemia, meningitis and otitis media.98-101 Pneumonia is the 

most common form of IPDs and accounts for 18% of child deaths in developing countries 

(Figure 2.1), making it the leading cause of death among young children.102 

 

Figure 2.1: (A) S. pneumoniae under scanning electron microscope (SEM); (B) Causes of under-five child 

deaths in low-income countries (WHO, World Health Statistics 2012). 

Capsular polysaccharides (CPSs) on the surface of S. pneumoniae are composed of multi-

ple repeating units of up to eight sugar residues.103 More than 95 serotypes have been 

identified based on different chemical structures of CPS.104 The prevailing serotypes vary 

with geography and age as well as over time, but fortunately, globally, about 20 serotypes 

are associated with more than 80% of IPDs occurring in all age groups, and 13 most 

A B 
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common serotypes cause approximately 75% of IPDs in children.105, 106 Many studies 

have demonstrated that capsular polysaccharides are well known major virulence 

factors107-109 and antibodies against these structures are essential for protection against 

pneumococcal disease.110 

2.1.2 Vaccines against S. pneumoniae 

Currently two types of vaccines are commercially available: pneumococcal polysaccha-

ride vaccine (PPV) and pneumococcal conjugate vaccine (PCV).111 These vaccines are 

based on natural capsular polysaccharides, purified from bacterial cultures. The multiva-

lent PPV contains 23 serotypes of purified capsular polysaccharides, which is currently 

licensed for use in adults and children older than two years old. This vaccine was shown 

to be moderately effective in adults but not in young children and immunocompromised 

patients. 

Table 2.1: Commercially available vaccines against S. pneumoniae. 

Vaccine Serotypes in Pneumococcal Vaccines 

PPV-23 
1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 

22F, 23F, 33F 

PCV-7
a
 4, 6B, 9V, 14, 18C, 19F, 23F 

PCV-10 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F 

PCV-13 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19 A, 19F, 23F 

aPCV-7 is no longer available. 

In early 2000, CPSs were conjugated to carrier protein CRM197. This polysaccharide-

protein conjugate vaccine targeting seven pneumococcal serotypes was licensed in USA 

for use in young children (Prevnar®, PCV-7). This vaccine proved a success in signifi-

cantly preventing IPDs in children younger than two years old. Large scale introduction 

of PCV-7 has resulted in an overall decline in IPDs. Two more pneumococcal conjugate 

vaccines, PCV-10 and PCV-13 (Table 2.1), have been developed later to cover more sero-

types. 
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2.1.3 S. pneumoniae serotype 14 

S. pneumoniae serotype 14 (ST-14) is a common serotype in human population and fre-

quently infects young children.112-115 According to a global study, it accounted for 12-

29% of IPDs in children worldwide (Figure 2.2).106 

 

Figure 2.2: Proportion of IPDs in young children due to the most common serotypes globally. Error bars 

indicate the 95% confidence interval for the proportion of IPDs due to each of the 21 serotypes. Cumulative 

line indicates the cumulative proportion of IPDs due to the 21 serotypes. *Adjusted for regional incidence 

of cases. (Reprinted from ref. 106) 

Capsular polysaccharide of ST-14 (Pn14PS) consists of a branched tetrasaccharide repeat-

ing unit (RU) (Figure 2.3).116 Pn14PS and its depolymerized oligosaccharide fragments 

conjugated to a carrier protein have been reported to produce specific anti-Pn14PS anti-

bodies in mice.117-119 The branched tetrasaccharide Gal-Glc-(Gal-)GlcNAc was described 

as the smallest core structure required to induce Pn14PS-specific antibodies. Thus, this 

epitope could be a promising candidate for a semisynthetic glycoconjugate vaccine can-

didate against infections caused by ST-14.120-123 Based on these established data, this an-

tigenic tetrasaccharide has been used in the rational design of synthetic carbohydrate-

based vaccine.54, 124-127 
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Figure 2.3: Structure of capsular polysaccharide of S. pneumoniae serotype 14 (Pn14PS). 

 

2.1.4 Bridging systems in carbohydrates 

a. Bridging systems in the synthesis of oligosaccharide analogues 

The synthesis of oligosaccharides is laborious and challenging, requiring an extensive use 

of orthogonal protecting groups and strictly anhydrous condition in glycosylation reac-

tion, which makes it still far from routine, both in solution and in solid phase.87 Therefore, 

it is frequently desirable to design compounds that mimic carbohydrates associated with 

important biological events so that it can be prepared in a simpler and more efficient 

way.128-131 

One successful application of this strategy was achieved through click chemistry.132-134 

The triazole ring has been used to synthesize high-mannose oligosaccharide analogues by 

replacement of some of the inner monosaccharide residues (Figure 2.4-B), which repre-

sents a very significant simplification compared with classical glycosylation methods.130, 

135 These pseudo-mannose derivatives displayed binding affinities towards mannose-

specific lectins ConA and biomedically relevant human macrophage mannose receptor 

(rhMMR) that reproduces the trends encountered for the natural counterparts in enzyme-

linked lectin assays, with binding potencies that also rivaled those of their respective nat-

ural partners (Figure 2.4-C). 
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Figure 2.4: (A) Structure of high-mannoses glycans Man8 and Man9; (B) Structure of targeted “high-

mannose” type oligosaccharides mimics Pseudo-Man8 and Pseudo-Man9; (C) Enzyme-linked lectin as-

says (ELLA)130 for the inhibition of rhMMR binding to yeast mannan by increasing concentrations of the 

Pseudo-Man8 and Pseudo-Man9 in comparison with the natural high-mannose glycans Man8 and Man9. 
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b. Using bridging systems in divalent or multivalent glycan binding 

 

Figure 2.5: Protein-carbohydrate interaction: (A) monovalent binding; (B) a divalent binding via a chela-

tion mechanism; (C) a divalent ligand binding via a statistical rebinding mechanism. (Reprinted from ref. 

141) 

Glycans tend to bind weakly to their complementary proteins. Stronger binding is often 

achieved by the use of multiple interactions by multivalent carbohydrates. Two main 

mechanisms of multivalent enhancement136, 137 seem to be operative: chelation (Figure 

2.5-B), in cases binding sites can be bridged by a multivalent ligand, and statistical re-

binding (Figure 2.5-C), in cases where this is not possible. To aim for chelation, architec-

tures and spacers with different flexibility and lengths have been studied to bridge lectin 

binding sites. Strong effects of several orders of magnitude were observed with systems 

which are capable of bridging binding sites (Figure 2.6).138-140 
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Figure 2.6: X-ray structure of wheat germ agglutinin (WGA) dimer in complex with GlcNAc (PDB-

ID:2UVO). Visible are the four binding sites. Reported divalent chitobiose 24141 has a binding potency that 

is 500-fold per chitobiose moiety higher than that of chitobiose with WGA. 
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In the case of heparin, investigations of isolated heparin fragments revealed that the hepa-

rin fragment should be approximately 18 monosaccharides long to show inhibitory activi-

ty against thrombin.142 A model of the ternary antithrombin III (AT-III)/heparin/thrombin 

complex143 has been identified based on the crystal structure of AT-III and thrombin, 

which clearly shows that both AT-III and thrombin bind to the same heparin chain (Fig-

ure 2.7-A). Six to eight sulfated monosaccharides in the bridge region do not interact with 

the proteins. Based on this model, a flexible noncarbohydrate spacer was used to bridge 

an AT-III-binding domain (ABD) with a thrombin-binding domain (TBD) to get novel 

antithrombotics. This heparin-like derivative (Figure 2.7-B), which comprises a non-

glycosaminoglycan pentasaccharide as the ABD and a persulfated maltotrioside moiety as 

the TBD connected through a spacer of about 50 atoms in length, did indeed display sub-

stantial antithrombotic activity (140 U/mg; heparin 160 U/mg).144 This concept offered 

the advantage of simplified chemistry compared to the synthesis of an oligosaccharide 

comprising about 20 monosaccharides. Structure-activity relationships were studied by 

alterations with spacer both in length and rigidity.145, 146 

 

 

A 
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Figure 2.7: (A) Schematic model of the AT-III/heparin/thrombin complex. Novel antithrombotics was 

designed based on the binding domain. (Modified from ref. 146) (B) The derivative, comprising an AT-III-

binding domain (ABD) and a sulfated trisaccharide as the thrombin-binding domain (TBD) connected 

through a flexible spacer, shows substantial antithrombin activity. 

 

2.1.5 Bridging repeating units (RUs) as novel glycoconjugate vaccine candi-

dates against ST-14 

As capsular polysaccharides consist of multiple RUs of up to eight sugar residues, the 

synthesis and application of glycoconjugate vaccines against these infections are seriously 

restricted by the difficulty in preparing target oligosaccharides which usually contain at 

least one RU. A spacer is proposed to bridge RUs in order to simplify the synthesis of 

glycoconjugate vaccines (Figure 2.8). Moreover, since the binding mechanism between 

polysaccharides and BCRs is not clear, bridging repeating units might enhance the bind-

ing affinity with BCRs, therefore inducing a better immune response. 
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Figure 2.8: Schematic structure of (A) natural capsular oligosaccharide and (B) spacer bridged RUs. 

The well-studied branched tetrasaccharide, RU of Pn14PS, was chosen as the target to 

synthesize spacer bridged oligosaccharide derivatives, which will be conjugated to carrier 

protein CRM197 to obtain experimental vaccine candidates against ST-14 (Figure 2.9). A 

ten-carbon aliphatic spacer was chosen based on the usage of an aliphatic spacer that 

bridges CPSs or oligosaccharides to carrier protein in the commercial glycoconjugate 

vaccines thereby preventing issues pertaining to toxicity and immunogenicity. 
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Figure 2.9: Proposed structures of spacer bridged ST-14 capsular oligosaccharide derivatives. 

 

2.2 Results and discussion 

2.2.1 Synthetic strategy 

To prepare monovalent derivative 25, spacer bridged divalent derivative 26 and trivalent 

derivative 27, tetrasaccharide unit 28 with linkers both at the reducing end and non-

reducing end was designed, while tetrasaccharide 28 will be assembled by linear combi-

nation of linker 29, building blocks 30,147 31, 32,148 and 33. Tetrasaccharide 34, which 

could be prepared by similar strategy with building block 35149 instead of 33, were envi-

sioned as control group. 
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Scheme 2.1: Retrosynthetic analysis of capsular oligosaccharide derivatives 25, 26, 27 and 34. 

 

2.2.2 Preparation of building blocks 

Glucosamine building block 30, glucosyl 32 and galactosyl 35 were synthesized by fol-

lowing the reported procedures.147-149 

The synthesis of building block 31 commenced with ethyl 4,6-O-benzylidene-1-thio-β-D-

galactopyranoside 36 (Scheme 2.2). Treatment of 36 with benzoic anhydride in the pres-

ence of 4-dimethylaminopyridine (DMAP) produced 37. Regioselective opening of the 

4,6-O-benzylidene acetal gave the corresponding C-6 hydroxyl 38 in low yields due to 
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problems with the purchased reagent borane in THF. Therefore, a different strategy was 

applied. Diol 36 was protected with 2-naphthylmethyl (NAP) group to afford 39. After 

removal of benzylidene acetal with ethanethiol catalyzed by tosylic acid, 40 was obtained 

in 96% yield. Subsequent benzylation of 40 followed by cleavage of NAP group using 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and benzoylation afforded 31. 
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Scheme 2.2: Synthesis of building blocks 31 and 33. 

Synthesis of non-reducing-end galactose 33 was achieved in four steps from 36. 5-

Methoxy-5-oxopentyl group was regioselectively installed at the C-3 position of diol 36 

using tin-mediated method to afford 43. Esterification of the free hydroxyl group of 43 

was accomplished with benzoic anhydride, giving 44. Building block 33 was then ob-

tained after cleavage of benzylidene acetal followed by benzylation. 
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2.2.3 Assembly of oligosaccharide derivatives 

With four building blocks in hand, the stage was set to access tetrasaccharide 28. The 

protected amino-linker was introduced at the reducing end by glycosylation of 29 and 

thioglycoside 30 promoted by N-iodosuccinimide (NIS) in the presence of triflic acid 

(TfOH), affording 46. Removal of temporary fluorenylmethyloxycarbonyl (Fmoc) pro-

tecting group gave compound 47, which was further reacted with galactose 31, thus ob-

taining the fully protected disaccharide 48. Cleavage of levulinoyl (Lev) group with hy-

drazine hydrate yielded compound 49 as acceptor, which was then glycosylated with 

building block 32 to furnish trisaccharide 50. Deprotection of Fmoc group followed by 

coupling with thioglycoside 33 produced tetrasaccharide 28 (Scheme 2.3). 

 

Scheme 2.3: Synthesis of tetrasaccharide 28. 

The methyl ester at the non-reducing end of 28 was cleaved with 10% sodium hydroxide 

aqueous solution followed by addition of excessive sodium methoxide to remove all the 

benzoyl groups to give compound 52. Subsequent hydrogenolysis catalyzed by palladium 

on carbon produced tetrasaccharide 25. 
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Scheme 2.4: Fully deprotection of tetrasaccharide 28 to obtain 25. 

Treatment of tetrasaccharide 28 with palladium on carbon under hydrogen yielded com-

pound 53 with a free amino group at the reducing end. Among many reported coupling 

reagents for amide bond formation150, 151, 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate152 (HATU) was chosen to catalyze 

the reaction of 52 and 53 in the presence of triethylamine. However, unexpected peaks 

were observed in MALDI-TOF used to monitor the reaction. Instead, benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) together with N,N-

diisopropylethylamine (DIPEA) led to the spacer bridged divalent derivative 54 in 80% 

yield. 

 

Scheme 2.5: Synthesis of divalent RU of ST-14. 
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Removal of all the ester and ether protecting groups of 54 using the same procedure as 

compound 28 yielded deprotected divalent derivative 26 (Scheme 2.6). 

 

Scheme 2.6: Synthesis of fully deprotected divalent RU of ST-14. 

 

Coupling of compounds 55 and 53 afforded 56 with PyBOP as coupling reagent. Global 

deprotection of 56 gave the spacer bridged trivalent derivative 27. 

 

Scheme 2.7: Synthesis of fully deprotected trivalent RU of ST-14. 
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Tetrasaccharide 58 was prepared by glycosylation of trisaccharide 51 and galactose build-

ing block 35 activated with NIS/TfOH. Removal of Fmoc, benzoyl and benzyl protecting 

groups yielded fully deprotected tetrasaccharide 34. 

 

Scheme 2.8: Synthesis of tetrasaccharide 34. 

 

2.2.4 Antigenic evaluation* 

Glycan microarrays served as the tool to evaluate the affinities of these synthetic oligo-

saccharide derivatives with antibodies against Pn14PS. Tetrasaccharide 34, oligosaccha-

ride derivatives 25, 26, 27 and native Pn14PS were covalently immobilized on glass 

slides (Figure 2.10-A). After incubation with a human reference serum mixture 

(WHO007, pooled sera from 287 patients vaccinated with Pneumovax-23 valent CPSs), 

the bound antibodies were detected using fluorescent labeled secondary antibodies (Alexa 

Fluor 647 goat anti-human IgG H+L, Invitrogen). The pattern (Figure 2.10-B) showed 

that antibodies in the human reference serum were cross-reactive against all the synthetic 

glycan derivatives. Among all the synthetic structures, divalent derivative 26 showed the 

strongest binding affinity (Figure 2.10-C). 

                                                            
* Glycan array analysis and immunization study in mice were performed by Bruna Mara Silva Seco. 
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Figure 2.10: Evaluation of the antigenicity of synthetic structures using glycan microarray assays. (A) 

Microarray printing pattern. (B) Printed slides were incubated with a human reference serum mixture (dilu-

tion 1:100). The bound antibodies were detected using fluorescent labeled secondary antibodies. (C) Mean 

fluorescence intensities (MFI) of the microarrays assay. Data are represented as mean ± SD of triplicate 

determinations. 
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2.2.5 Immunological evaluation of the glycoconjugates in mice 

All synthetic glycans 25, 26, 27 and 34 were conjugated to carrier protein CRM197 using 

homobifunctional reagent, adipate 4-nitro phenyl diester,53 under mild conditions (Figure 

2.11-A). The resulting glycoconjugates contained 10.2, 11, 7 and 10.8 glycans, respec-

tively, as calculated by matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF MS) (Figure 2.11-B) and confirmed by sodium dodecyl sul-

fate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2.11-C). 
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Figure 2.11: (A) Preparation of glycoconjugates. (B) Characterization of the conjugates with MALDI-TOF 

and (C) SDS-PAGE. 

To test the immunogenicity of these conjugates, five female C57BL/6 mice per group 

were each immunized subcutaneously three times (days 0, 14 and 28) with 100 µL of 

conjugates CRM197-25, CRM197-26, CRM197-27 and CRM197-34. Each dose con-

tained 1 µg sugar antigen and aluminum hydroxide which was used as adjuvant. Three 

mice in control group received only PBS with aluminum hydroxide. Sera were collected 

every week (Figure 2.12-A) and analyzed using glycan arrays with fluorescent labeled 

goat anti-mouse secondary antibodies for detection. 

 

Figure 2.12: Analysis of antibody titers in sera using glycan arrays. (A) Immunization schedule of mice. 

(B) Antibody titers analysis of sera (day 35) using glycan arrays. MFI: mean fluorescence intensity. 
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A spacer dummy conjugate BSA-69 was synthesized and printed on the slides for glycan 

array assay to detect antibodies against the spacer (Figure 2.10-A). The synthesis of 69 

commenced with phenyl 2-azido-2-deoxy-4,6-O-benzylidene-1-seleno-α-D-

galactopyranoside153 61 (Figure 2.13-A). 5-Methoxy-5-oxopentyl group was installed at 

the C-3 position to obtain 62, which was treated with NIS in the presence of water fol-

lowed by 2,2,2-trifluoro-N-phenylacetimidoyl chloride and cesium carbonate to afford 

imidate 63. Glycosylation of 63 and linker 29 activated by TMSOTf produced 64, of 

which the azide group was converted into acetamino group with thioacetic acid in pyri-

dine to give 65. Methyl ester was hydrolyzed to yield 66 with a free carboxyl group, 

while hydrogenation of 65 resulted 67 containing amino group. Coupling of 67 and 66 

with PyBOP furnished 68, which was fully deprotected to give 69. The conjugation of 69 

and BSA was achieved using bifunctional p-nitrophenyladipate (Figure 2.13-B) and char-

acterized with MALDI-TOF (Figure 2.13-C). 

 



Chapter 2   Development of semisynthetic glycoconjugate vaccine candidates against ST-14 

55 
 

69 O O

O O

NO2

4
1) Et3N, DMSO, pyr

2) BSA, PH 8.0 buffer
O O

69
H
N4

BSA

B
+

O2N  

 

Figure 2.13: Synthesis of the dummy conjugate BSA-69 and its characterization by MALDI-TOF MS. The 

conjugate contains 7 glycans. BSA: bovine serum albumin. 

The glycan array analysis (Figure 2.12-B) shows that all the test groups produced very 

high antibody titers against both the synthetic oligosaccharide derivatives as well as 

Pn14PS, while no humoral immune response was observed in the control group. None of 

the conjugates induced the production of detectable amounts of antibodies against the 

aliphatic spacer. 
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Figure 2.14: Analysis of antibody titers in sera using ELISA (sera dilution 1:500). MFI: mean fluorescence 

intensity. 

The Pn14PS-specific antibody response raised by the conjugates was further detected by 

ELISA (Figure 2.14). 96-Well microtiter plates were coated with 10 µg/mL of Pn14PS 

prior to incubation with mice sera. The ELISA data suggested that all three spacer 

bridged oligosaccharide derivative conjugates induced very high titers of CPS-specific 

antibodies. Interestingly, the specific antibody response raised against these derivatives 

were significantly higher (p < 0.001) after only two immunizations (days 21-28) when 

compared with tetrasaccharide RU only. The antibody titers of all the groups were still at 

a high level on day 156 after initial immunization (Figure 2.15). 

 

Figure 2.15: Analysis of long-term antibody titers in sera using ELISA (sera dilution 1:500). 
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2.3 Conclusion 

Mono-, di- and trivalent derivatives 25, 26 and 27 of Pn14PS were rapidly synthesized by 

using the strategy of bridging RUs with a ten-carbon aliphatic spacer through amide for-

mation. All three oligosaccharide derivatives were then conjugated with carrier protein 

CRM197 as novel semisynthetic glycoconjugate vaccine candidates against ST-14. 

The conjugates formulated with adjuvant aluminum hydroxide were immunological eval-

uated in mice. Both glycan array and ELISA analysis of the immune sera demonstrated 

that the aliphatic spacer did not decrease the antigenicity and immunogenicity. Interest-

ingly, the specific Pn14PS antibody response raised against these derivatives were signif-

icantly higher after only two immunizations when compared with the branched tetrasac-

charide RU only. 

In a broader sense, this strategy reported in this chapter is of relevance for the future de-

sign of semisynthetic glycoconjugate, making the synthesis of carbohydrate antigens sim-

pler and more efficient. Furthermore, fine adjustment of the spacer might help to decipher 

the interaction between glycan epitopes and recognition receptors on APCs. 

 

2.4 Experimental section 

2.4.1 Chemistry experiments 

Chemicals were purchased as reagent grade and used without further purification unless 

stated otherwise. Anhydrous solvents were obtained from Waters Dry Solvent systems. 

Reactions were monitored by thin-layer chromatography (TLC) analysis, which was visu-

alized by UV light (254 nm) and TLC sugar stain (1% (v/v) 3-methoxyphenol, 30% (v/v) 

sulfuric acid in ethanol). Flash column chromatography was performed on Kieselgel 60 

with 230-400 mesh (Sigma-Aldrich, St. Louis, USA). 1H-NMR, 13C-NMR spectra were 

recorded on a 400 or 600 MHz Varian or Brucker spectrometer at room temperature. 

Chemical shifts (in ppm) were calibrated with the solvent residual peak. Coupling con-

stants (J) are reported in Hertz (Hz). Optical rotations (OR) were measured with a 

Schmidt & Haensch UniPol L 1000 at 589 nm and concentration (c) expressed in g/100 
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mL. High resolution mass spectrometry (HRMS) was performed by Waters Xevo Q-Tof 

mass spectrometer. 

 

Ethyl 3-O-benzyl-4-O-fluorenylmethoxycarbonyl-6-O-levulinyl-2-deoxy-2-

trichloroacetamino-1-thio-β-D-glucopyranoside (30) 

 

1H NMR (400 MHz, CDCl3) δ 7.68 (dd, J = 7.5, 3.7 Hz, 2H), 7.63 – 7.41 (m, 2H), 7.36 – 

7.26 (m, 2H), 7.24 – 7.19 (m, 2H), 7.15 – 7.05 (m, 5H), 6.86 (d, J = 7.7 Hz, 1H), 4.98 (d, 

J = 10.3 Hz, 1H), 4.84 (dd, J = 9.9, 9.0 Hz, 1H), 4.54 (s, 2H), 4.42 (dd, J = 10.5, 6.8 Hz, 

1H), 4.31 – 4.09 (m, 5H), 3.69 (ddd, J = 10.0, 5.2, 2.8 Hz, 1H), 3.56 (td, J = 10.1, 7.9 Hz, 

1H), 2.73 – 2.58 (m, 4H), 2.56 – 2.49 (m, 2H), 2.09 (s, 3H), 1.28 – 1.12 (m, 3H). 

NMR data was in accordance with previously reported values.147 

 

Ethyl 2,3-di-O-benzoyl-6-O-benzyl-4-O-fluorenylmethoxycarbonyl-1-thio-β-D-

glucopyranoside (32) 

 

1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 7.5 Hz, 2H), 7.87 (d, J = 7.5 Hz, 2H), 7.71 (d, 

J = 7.4 Hz, 2H), 7.51 (t, J = 7.3 Hz, 1H), 7.48 – 7.21 (m, 16H), 7.17 (t, J = 7.5 Hz, 1H), 

5.80 (t, J = 9.4 Hz, 1H), 5.49 (t, J = 9.6 Hz, 1H), 5.23 (t, J = 9.7 Hz, 1H), 4.76 (d, J = 

10.1 Hz, 1H), 4.61 (d, J = 12.1 Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 4.30 – 4.17 (m, 1H), 

4.08 (t, J = 8.9 Hz, 1H), 4.01 – 3.90 (m, 2H), 3.74 (s, 2H), 2.87 – 2.68 (m, 2H), 1.28 (t, J 

= 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 165.8, 165.3, 154.2, 143.4, 143.1, 141.3, 
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141.2, 137.9, 133.4, 130.0 (2C), 129.3, 128.9, 128.5, 128.4, 127.9, 127.8, 127.2, 125.3, 

125.1, 120.0, 83.9, 74.5, 73.8, 73.5, 70.6, 70.4, 69.1, 46.6, 24.4, 15.0. 

NMR data was in accordance with previously reported values.148 

 

Ethyl 2-O-benzoyl-4,6-di-O-benzyl-3-O-(9-fluorenylmethoxycarbonyl)-1-thio-β-D-

galactopyranoside (35) 

 

1H NMR (400 MHz, CDCl3) δ 8.08 – 8.00 (m, 2H), 7.68 (m, 2H), 7.58 – 7.48 (m, 1H), 

7.48 – 7.27 (m, 16H), 7.11 (m, 2H), 5.75 (t, J = 9.9 Hz, 1H), 5.07 (dd, J = 10.0, 3.0 Hz, 

1H), 4.79 (d, J = 11.5 Hz, 1H), 4.60 (d, J = 9.9 Hz, 1H), 4.51 (d, J = 11.8 Hz, 2H), 4.46 

(d, J = 11.7 Hz, 1H), 4.30 (dd, J = 10.4, 7.2 Hz, 1H), 4.21 (dd, J = 10.4, 7.8 Hz, 1H), 4.14 

(d, J = 3.1 Hz, 1H), 4.06 (t, J = 7.4 Hz, 1H), 3.82 (t, J = 6.5 Hz, 1H), 3.72 – 3.62 (m, 2H), 

2.74 (m, 2H), 1.23 (t, J = 7.5 Hz, 3H). 

NMR data was in accordance with previously reported values.149 

 

Ethyl 4,6-O-benzylidene-3-O-(methyl 5-pentanoate)-1-thio-β-D-galactopyranoside 

(43) 

 

Bu2SnO (5.2 g, 20.8 mmol) was added to a solution of compound 36 (5.0 g, 16.0 mmol) 

in MeOH (80 mL) and the mixture was heated to 80 oC overnight. The reaction mixture 

was concentrated under vacuum which was then dried azeotropically twice with toluene. 

The crude was dissolved in anhydrous DMF (80 mL) followed by the addition of methyl 
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5-bromopentanoate (2.8 mL, 19.2 mmol) and CsF (3.7 g, 24.0 mmol). The reaction was 

stirred at 60 oC overnight, quenched with water and extracted with DCM. The organic 

layer was washed with aqueous saturated NaHCO3 solution, brine, dried over Na2SO4, 

filtered and concentrated. The crude was purified by flash column chromatography using 

50% ethyl acetate in hexanes to afford compound 43 (4.4 g, 10.2 mmol, 64%) as a white 

foam. 

1H NMR (400 MHz, CDCl3) δ 7.52 – 7.42 (m, 2H), 7.37 – 7.29 (m, 3H), 5.51 (s, 1H), 

4.35 (t, J = 10.5 Hz, 2H), 4.31 (d, J = 3.4 Hz, 1H), 4.02 (d, J = 11.1 Hz, 1H), 3.96 (t, J = 

9.3 Hz, 1H), 3.75 – 3.64 (m, 1H), 3.63 (s, 3H), 3.59 – 3.50 (m, 1H), 3.46 (s, 1H), 3.37 

(dd, J = 9.2, 3.3 Hz, 1H), 2.87 – 2.78 (m, 1H), 2.77 – 2.67 (m, 1H), 2.60 (s, 1H), 2.32 (t, J 

= 7.0 Hz, 2H), 1.75 – 1.61 (m, 4H), 1.32 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) 

δ 174.0, 137.8, 128.9, 128.1, 126.3, 101.2, 85.2, 81.2, 72.9, 70.2, 69.5, 68.7, 67.7, 51.5, 

33.6, 29.1, 22.9, 21.6, 15.3; HRMS (ESI) calcd for C21H30O7SNa [M+Na]+ 449.1604; 

found: 449.1604. 

 

Ethyl 2-O-benzoyl-4,6-O-benzylidene-3-O-(methyl 5-pentanoate)-1-thio-β-D-

galactopyranoside (44) 

 

To a solution of compound 43 (1.44 g, 3.38 mmol) in DCM (15 mL) were added Bz2O 

(1.15 g, 5.06 mmol), TEA (1.4 mL, 10.13 mmol) and DMAP (82.5 mg, 0.68 mmol). The 

reaction mixture was stirred for 3 h at room temperature. After the starting material dis-

appeared, the reaction was quenched with saturated aqueous NaHCO3 solution. The 

aqueous layer was washed three times with DCM. The combined organic layer was 

washed with brine solution, dried over Na2SO4, filtered and concentrated in vacuo. The 

residue was purified by flash column chromatography with 30% ethyl acetate in hexanes 

to get compound 44 (1.48 g, 2.79 mmol, 83%) as a white foam. 
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1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 7.3 Hz, 2H), 7.60 – 7.47 (m, 3H), 7.47 – 7.28 

(m, 5H), 5.63 (t, J = 9.7 Hz, 1H), 5.55 (s, 1H), 4.57 (d, J = 9.8 Hz, 1H), 4.42 – 4.29 (m, 

2H), 4.05 (d, J = 12.3 Hz, 1H), 3.70 – 3.59 (m, 2H), 3.53 (s, 4H), 3.42 (dt, J = 9.4, 5.8 Hz, 

1H), 3.00 – 2.83 (m, 1H), 2.81 – 2.67 (m, 1H), 2.15 – 2.04 (m, 2H), 1.54 – 1.40 (m, 4H), 

1.26 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 173.9, 165.2, 137.7, 132.9, 130.1, 

129.7, 129.0, 128.3, 128.2, 126.4, 101.3, 82.8, 79.7, 73.5, 70.2, 69.4, 69.2, 68.7, 51.4, 

33.4, 28.9, 22.6, 21.4, 14.8; HRMS (ESI) calcd for C28H34O8SNa [M+Na]+ 553.1866; 

found: 553.1874. 

 

Ethyl 2-O-benzoyl-3-O-(methyl 5-pentanoate)-1-thio-β-D-galactopyranoside (45) 

 

Ethanethiol (0.8 mL, 11.3 mmol) and TsOH (14.3 mg, 76 µmol) were added to a solution 

of compound 44 (200 mg, 0.38 mmol) in DCM (5 mL). The reaction mixture was stirred 

for 1 h. After the starting material disappeared, the reaction was quenched with triethyla-

mine and concentrated. The residue was purified by flash column chromatography with 

75% EA/Hex to give compound 45 (152 mg, 0.34 mmol, 91%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 7.8 Hz, 2H), 7.56 (t, J = 7.2 Hz, 1H), 7.44 (t, J 

= 7.6 Hz, 2H), 5.44 (t, J = 9.7 Hz, 1H), 4.52 (d, J = 10.0 Hz, 1H), 4.16 (d, J = 2.9 Hz, 

1H), 4.00 (dd, J = 11.7, 6.8 Hz, 1H), 3.83 (dd, J = 11.8, 4.5 Hz, 1H), 3.69 – 3.60 (m, 2H), 

3.59 – 3.52 (m, 4H), 3.48 – 3.36 (m, 1H), 2.84 – 2.61 (m, 2H), 2.39 (brs, 2H), 2.12 (t, J = 

6.6 Hz, 2H), 1.61 – 1.38 (m, 4H), 1.21 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 

173.8, 165.4, 133.1, 129.8, 129.7, 128.4, 83.5, 80.9, 78.4, 70.0, 69.5, 67.2, 62.6, 51.5, 

33.4, 29.1, 23.6, 21.3, 14.8. 

 

Ethyl 2-O-benzoyl-4,6-di-O-benzyl-3-O-(methyl 5-pentanoate)-1-thio-β-D-

galactopyranoside (33) 
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Benzyl bromide (160 µL, 1.36 mmol) and sodium hydride (54.2 mg, 1.36 mmol, 60% wt) 

were added to a solution of compound 45 (150 mg, 0.34 mmol) in DMF (4 mL) at 0 oC. 

The reaction mixture was stirred for 30 min at room temperature and quenched by acetic 

acid. The mixture was diluted with DCM and then washed with saturated aqueous Na-

HCO3 solution and brine. The organic layer was dried over Na2SO4, filtered and concen-

trated. The residue was purified by flash column chromatography with 30% ethyl acetate 

in hexanes to obtain compound 33 (181 mg, 0.29 mmol, 85%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 7.5 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.43 (t, J 

= 7.6 Hz, 2H), 7.30 (dt, J = 11.0, 7.5 Hz, 10H), 5.59 (t, J = 9.7 Hz, 1H), 4.95 (d, J = 11.7 

Hz, 1H), 4.58 (d, J = 11.7 Hz, 1H), 4.51 (d, J = 9.9 Hz, 1H), 4.44 (q, J = 11.7 Hz, 2H), 

4.00 (d, J = 2.0 Hz, 1H), 3.73 – 3.57 (m, 4H), 3.53 (d, J = 7.1 Hz, 4H), 3.45 – 3.32 (m, 

1H), 2.80 – 2.59 (m, 2H), 2.10 (t, J = 6.9 Hz, 2H), 1.57 – 1.36 (m, 4H), 1.20 (t, J = 7.4 

Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 173.8, 165.4, 138.6, 137.8, 133.0, 130.1, 129.7, 

128.4, 128.3, 128.2, 128.0, 127.8, 127.5, 110.0, 83.7, 82.7, 77.5, 74.4, 73.6, 73.1, 70.4, 

70.3, 68.5, 51.4, 33.4, 29.3, 23.7, 21.4, 14.8; HRMS (ESI) calcd for C35H42O8SNa 

[M+Na]+ 645.2492; found: 645.2521. 

 

Ethyl 4,6-O-benzylidene-2,3-di-O-(2-naphthylmethyl)-1-thio-β-D-galactopyranoside 

(39) 

 

Sodium hydride (768 mg, 19.2 mmol, 60% wt) was added to a solution of compound 36 

(2.0 g, 6.40 mmol) in DMF (20 mL) and THF (20 mL) at 0 oC. The reaction mixture was 

stirred for 15 min at room temperature followed by the addition of 2-
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bromomethylnaphthalene (4.3 g, 19.2 mmol). The reaction mixture was stirred for 3 h and 

quenched with saturated aqueous NH4Cl solution and extracted with DCM. The aqueous 

layer was washed three times with DCM. The combined organic layer was washed with 

brine, dried over Na2SO4, filtered and concentrated. The residue was purified by flash 

column chromatography using 30% ethyl acetate in hexanes to give compound 39 (3.2 g, 

5.4 mmol, 84%) as a pale yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.88 – 7.72 (m, 7H), 7.66 (d, J = 7.8 Hz, 1H), 7.61 – 7.33 

(m, 11H), 5.48 (s, 1H), 5.09 (d, J = 10.4 Hz, 1H), 5.02 (d, J = 10.4 Hz, 1H), 4.98 – 4.87 

(m, 2H), 4.46 (d, J = 9.6 Hz, 1H), 4.29 (d, J = 12.3 Hz, 1H), 4.18 (d, J = 3.4 Hz, 1H), 4.02 

– 3.89 (m, 2H), 3.66 (dd, J = 9.2, 3.4 Hz, 1H), 3.33 (s, 1H), 2.95 – 2.81 (m, 1H), 2.81 – 

2.67 (m, 1H), 1.33 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 138.0, 136.1, 

135.9, 133.4, 133.3, 133.2, 129.2, 128.4, 128.3, 128.2, 128.1, 128.0, 127.8, 127.7, 127.1, 

126.7, 126.7, 126.6, 126.3, 126.1, 126.0, 125.9, 101.7, 84.6, 81.1, 75.9, 74.2, 72.0, 69.9, 

69.5, 24.0, 15.2. 

 

Ethyl 2,3-di-O-(2-naphthylmethyl)-1-thio-β-D-galactopyranoside (40) 

 

Ethanethiol (11 mL, 151 mmol) and TsOH (191 mg, 1 mmol) were added to a solution of 

compound 39 (2.98 g, 5.03 mmol) in DCM (30 mL). The reaction mixture was stirred for 

1 h. After the starting material disappeared, the reaction was quenched with triethylamine 

and concentrated. The residue was purified by flash column chromatography with 70% 

ethyl acetate in hexanes to afford compound 40 (152 mg, 0.34 mmol, 91%) as a colorless 

oil. 

1H NMR (400 MHz, CDCl3) δ 7.90 – 7.72 (m, 7H), 7.68 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 

9.4 Hz, 1H), 7.50 – 7.39 (m, 5H), 5.07 (d, J = 10.5 Hz, 1H), 4.94 (d, J = 10.6 Hz, 1H), 

4.88 (q, J = 11.9 Hz, 2H), 4.46 (d, J = 9.7 Hz, 1H), 4.09 (d, J = 3.0 Hz, 1H), 3.95 (dd, J = 

11.8, 6.6 Hz, 1H), 3.83 – 3.72 (m, 2H), 3.62 (dd, J = 9.0, 3.2 Hz, 1H), 3.52 – 3.43 (m, 
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1H), 2.88 – 2.66 (m, 2H), 2.28 (s, 2H), 1.32 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 135.7, 135.1, 133.4, 133.3, 133.2, 128.6, 128.2, 128.1, 128.0, 127.8 (2C), 127.1, 

126.9, 126.5, 126.4, 126.3, 126.1, 126.0, 125.9, 85.4, 82.1, 78.0, 77.9, 76.0, 72.4, 67.7, 

62.9, 25.1, 15.3; HRMS (ESI) calcd for C30H32O5SNa [M+Na]+ 527.1862; found: 

527.1866. 

 

Ethyl 4,6-di-O-benzyl-1-thio-β-D-galactopyranoside (42) 

 

Sodium hydride (1.07 g, 26.8 mmol, 60%) was added to a solution of compound 40 (3.38 

g, 6.70 mmol) in DMF (10 mL) and THF (10 mL) at 0 oC. The reaction was stirred for 15 

min at room temperature followed by the addition of benzyl bromide (3.19 mL, 26.8 

mmol). After 3 h, the reaction was quenched with aqueous saturated NH4Cl solution and 

extracted three times with ethyl acetate. The combined organic layer was washed with 

brine, dried over Na2SO4, filtered and concentrated. The residue was purified by flash 

column chromatography with 20% ethyl acetate in hexanes to give compound 41 (3.65 g, 

5.33 mmol, 80%) as white solid. Then compound 41 was dissolved in DCM (30 mL) and 

H2O (6 mL) followed by the addition of DDQ (6.08 g, 26.8 mmol) at 0 oC. The mixture 

was slowly warmed to room temperature and stirred for 1 h. The reaction mixture was 

quenched with water, extracted three times with DCM. The combined organic layer was 

washed with brine, dried over Na2SO4, filtered and concentrated. The residue was 

purified by flash column chromatography using 30% ethyl acetate in hexanes to obtain 

compound 42 (1.92 g, 4.76 mmol, 71%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.26 (m, 10H), 4.73 (d, J = 11.7 Hz, 1H), 4.68 (d, J 

= 11.7 Hz, 1H), 4.52 (d, J = 11.8 Hz, 1H), 4.47 (d, J = 11.8 Hz, 1H), 4.29 (d, J = 9.4 Hz, 

1H), 3.92 (d, J = 3.1 Hz, 1H), 3.72 – 3.63 (m, 4H), 3.63 – 3.57 (m, 1H), 2.80 – 2.65 (m, 

2H), 2.63 (s, 1H), 2.51 (s, 1H), 1.30 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

138.6, 138.0, 128.7, 128.6, 128.2, 128.1 (3C), 86.5, 77.8, 76.4, 75.6, 75.4, 73.8, 71.2, 

68.7, 24.8, 15.6. 
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Ethyl 2,3-di-O-benzoyl-4,6-di-O-benzyl-1-thio-β-D-galactopyranoside (31) 

 

To a solution of compound 42 (0.81 g, 1.99 mmol) in DCM (5 mL) were added Bz2O 

(1.36 g, 5.99 mmol), triethylamine (2.2 mL, 15.98 mmol) and DMAP (48.8 mg, 0.40 

mmol). The reaction was stirred for 3 h at room temperature and quenched by aqueous 

saturated NaHCO3 solution. The aqueous layer was extracted three times with DCM. The 

combined organic layer was washed with brine, dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography with 

30% ethyl acetate in hexanes to give compound 31 (1.1 g, 1.79 mmol, 90%) as a white 

foam. 

1H NMR (400 MHz, CDCl3) δ 8.04 – 7.89 (m, 4H), 7.58 – 7.44 (m, 2H), 7.43 – 7.19 (m, 

14H), 5.92 (t, J = 10.0 Hz, 1H), 5.43 (dd, J = 10.0, 3.0 Hz, 1H), 4.79 – 4.69 (m, 2H), 4.57 

– 4.52 (m, 2H), 4.48 (d, J = 11.8 Hz, 1H), 4.29 (d, J = 2.6 Hz, 1H), 3.95 (t, J = 6.6 Hz, 

1H), 3.77 – 3.63 (m, 2H), 2.89 – 2.68 (m, 2H), 1.28 (t, J = 7.5 Hz, 3H); HRMS (ESI) 

calcd for C36H36O7SNa [M+Na]+ 635.2074; found: 635.2097. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 3-O-benzyl-6-O-levulinyl-2-deoxy-2-

trichloroacetamino-β-D-glucopyranoside (47) 

 

Monosaccharide 30 (500 mg, 0.64 mmol) and linker 29 (315 mg, 0.97 mmol) were mixed 

and co-evaporated three times with anhydrous toluene. Pre-activated molecular sieves 

AW-300 and anhydrous DCM (5 mL) were added and the mixture was stirred at room 
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temperature for 20 min. The mixture was cooled down to -10 oC and NIS (215 mg, 0.97 

mmol) followed by triflic acid (8.6 μL, 0.097 mmol) were added. The reaction mixture 

was stirred at -10 oC for 1.5 h. The reaction was quenched with saturated aqueous 

NaHCO3 solution and 10% Na2S2O3 solution. The aqueous layer was extracted three 

times with DCM. The combined organic layer was washed with brine, dried over Na2SO4, 

filtered and concentrated in vacuo to give crude compound 46. The crude was then 

dissolved in DCM (5 mL) followed by the addition of TEA (1 mL), the reaction mixture 

was stirred for 2 hours at room temperature. The solvent was removed and the residue 

was purified by flash column chromatography with 15% acetone in toluene to yield 

compound 47 (468 mg, 0.57 mmol, 89%) as a white foam. 

1H NMR (400 MHz, CDCl3) δ 7.37 – 7.15 (m, 15H), 5.19 (d, J = 14.4 Hz, 2H), 4.92 – 

4.75 (m, 3H), 4.59 (d, J = 12.1 Hz, 1H), 4.50 (s, 2H), 4.25 (d, J = 12.1 Hz, 1H), 4.08 (q, J 

= 10.2 Hz, 1H), 3.92 – 3.79 (m, 1H), 3.64 – 3.56 (m, 1H), 3.55 – 3.36 (m, 3H), 3.22 (m, 

2H), 3.04 (d, J = 12.5 Hz, 1H), 2.80 (t, J = 6.5 Hz, 2H), 2.63 (t, J = 5.9 Hz, 2H), 2.21 (s, 

3H), 1.53 (m, 4H), 1.28 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 207.1, 173.6, 162.1, 

156.8, 156.3, 138.1, 137.9, 137.0, 136.8, 128.7, 128.7, 128.6, 128.3, 128.2, 128.1, 128.0, 

127.4, 127.3, 99.5, 92.6, 79.3, 79.2, 75.0, 74.0, 71.1, 70.1, 67.3, 63.4, 58.7, 50.6, 50.4, 

47.3, 46.2, 38.1, 30.0, 29.0, 28.1, 27.4, 23.5, 23.3; HRMS (ESI) calcd for 

C40H47O10N2Cl3Na [M+Na]+ 845.2167; found: 845.2214. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2,3-di-O-benzoyl-4,6-di-O-benzyl-β-D-

galactopyranosyl-(1→4)-3-O-benzyl-6-O-levulinyl-2-deoxy-2-trichloroacetamino-β-

D-glucopyranoside (48) 
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Both monosaccharides 47 (84 mg, 0.102 mmol) and 31 (75 mg, 0.123 mmol) were mixed 

and co-evaporated three times using anhydrous toluene. Pre-activated molecular sieves 

AW-300 and anhydrous DCM (3 mL) were added and the reaction mixture was stirred at 

room temperature for 20 min. Then the mixture was cooled down to -30 oC and NIS (34.5 

mg, 0.153 mmol) followed by triflic acid (1.5 μL, 0.016 mmol) were added. The reaction 

mixture was stirred at -10 oC for 1.5 h. The reaction was quenched with triethylamine. 

The mixture was extracted with saturated aqueous NaHCO3 solution. The combined 

organic layer was washed with brine solution, dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography with 

15% acetone in toluene to give compound 48 (126 mg, 0.092 mmol, 90%) as a white 

foam. 

1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 7.5 Hz, 2H), 7.86 (d, J = 7.4 Hz, 2H), 7.47 – 

7.38 (m, 2H), 7.36 – 7.04 (m, 30H), 5.78 (dd, J = 10.3, 7.9 Hz, 1H), 5.44 (dd, J = 10.5, 

2.9 Hz, 1H), 5.07 (d, J = 8.8 Hz, 2H), 4.94 (d, J = 10.8 Hz, 1H), 4.82 (d, J = 7.9 Hz, 1H), 

4.64 (d, J = 11.3 Hz, 2H), 4.55 (d, J = 10.9 Hz, 1H), 4.38 (d, J = 11.0 Hz, 3H), 4.31 (d, J 

= 11.9 Hz, 1H), 4.27 – 4.14 (m, 3H), 4.11 – 4.03 (m, 1H), 4.01 – 3.91 (m, 2H), 3.87 (t, J 

= 7.8 Hz, 1H), 3.68 – 3.54 (m, 1H), 3.46 (t, J = 8.5 Hz, 2H), 3.42 – 3.31 (m, 2H), 3.24 – 

3.02 (m, 3H), 2.84 – 2.71 (m, 1H), 2.62 – 2.44 (m, 2H), 2.41 – 2.30 (m, 1H), 2.14 (s, 3H), 

1.48 – 1.30 (m, 4H), 1.18 – 1.05 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 206.7, 172.6, 

165.9, 165.5, 138.2, 138.1, 138.0, 133.4, 133.3, 130.1, 130.0, 129.4, 129.3, 128.7, 128.6, 

128.5 (2C), 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.3, 100.8, 99.5, 

75.3, 74.8, 74.6, 74.5, 73.5, 70.9, 68.0, 67.3, 62.7, 60.5, 38.1, 30.0, 28.1, 21.2, 14.4; 

HRMS (ESI) calcd for C74H77O17N2Cl3Na [M+Na]+ 1395.4175; found: 1395.4107. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2,3-di-O-benzoyl-4,6-di-O-benzyl-β-D-

galactopyranosyl-(1→4)-3-O-benzyl-2-deoxy-2-trichloroacetamino-β-D-

glucopyranoside (49) 
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To a solution of compound 48 (30.6 mg, 0.022 mmol) in DCM (3 mL) was added a 

mixture of pyridine (0.06 mL) and acetic acid (0.04 mL) followed by the addition of 

hydrazine hydrate (2 µL, 0.045 mmol) at room temperature. The reaction was stirred for 4 

h and diluted with ethyl acetate, quenched with acetone and poured into water. The 

aqueous layer was washed three times with ethyl acetate. The combined organic layer was 

washed with brine, dried over Na2SO4, filtered and concentrated. The residue was 

purified by flash column chromatography with 30% acetone in hexanes to afford 

compound 49 (26.8 mg, 0.021 mmol, 94%) as a white foam. 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 7.5 Hz, 2H), 7.92 (d, J = 7.5 Hz, 2H), 7.54 – 

7.44 (m, 2H), 7.41 – 7.02 (m, 30H), 5.84 (dd, J = 10.3, 8.1 Hz, 1H), 5.36 (dd, J = 10.5, 

2.9 Hz, 1H), 5.13 (d, J = 9.4 Hz, 2H), 5.03 (d, J = 10.5 Hz, 1H), 4.88 (d, J = 7.1 Hz, 1H), 

4.81 – 4.67 (m, 2H), 4.59 (d, J = 10.6 Hz, 1H), 4.51 – 4.40 (m, 3H), 4.35 (d, J = 11.8 Hz, 

1H), 4.29 – 4.17 (m, 2H), 4.02 (d, J = 8.4 Hz, 1H), 3.94 (t, J = 8.4 Hz, 1H), 3.88 – 3.78 

(m, 1H), 3.77 – 3.60 (m, 3H), 3.54 (t, J = 8.5 Hz, 1H), 3.48 – 3.31 (m, 3H), 3.31 – 3.08 

(m, 4H), 1.53 – 1.34 (m, 4H), 1.24 – 1.09 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 165.9, 

165.3, 138.1, 138.0, 133.5, 133.4, 130.0, 129.8, 129.5, 129.2, 128.7, 128.6, 128.6, 128.5, 

128.4, 128.3 (2C), 128.0, 127.9 (2C), 127.8, 127.7, 127.6, 127.4, 100.9, 99.5, 77.7, 76.5, 

75.5, 75.3, 75.0, 74.6, 74.4, 73.6, 73.6, 71.0, 69.9, 67.8, 67.3, 60.9, 58.3, 50.4, 47.2, 29.1, 

27.3, 23.3; HRMS (ESI) calcd for C69H71O15N2Cl3Na [M+Na]+ 1297.3805; found: 

1297.3794. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2,3-di-O-benzoyl-6-O-benzyl-β-D-

glucopyranosyl-(1→6)-4-O-(2,3-di-O-benzoyl-4,6-di-O-benzyl-β-D-

galactopyranosyl)-3-O-benzyl-2-deoxy-2-trichloroacetamino-β-D-glucopyranoside 

(51) 
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Disaccharide 49 (240 mg, 0.188 mmol) and thioglycoside 32 (168 mg, 0.226 mmol) were 

mixed and co-evaporated three times using anhydrous toluene. Pre-activated molecular 

sieves AW-300 and anhydrous DCM (5 mL) were added and the mixture was stirred for 

20 min at room temperature. The mixture was cooled down to -10 oC and NIS (83 mg, 

0.367 mmol) followed by triflic acid (3.3 μL, 0.037 mmol) were added. The reaction was 

stirred at -10 oC for 1.5 h and quenched with saturated aqueous NaHCO3 solution and 

10% Na2S2O3 solution. The aqueous layer was extracted three times with DCM. The 

combined organic layer was washed with brine, dried over Na2SO4, filtered and 

concentrated in vacuo to give crude compound 50. The crude was dissolved in DCM (5 

mL) followed by the addition of TEA (1 mL), the reaction mixture was stirred for 2 h at 

room temperature. The solvent was removed and the residue was purified by flash column 

chromatography with 15% acetone in toluene to afford compound 51 (300.1 mg, 0.173 

mmol, 92%) as a white foam. 

1H NMR (600 MHz, CDCl3) δ 8.04 – 7.99 (m, 2H), 7.97 – 7.92 (m, 4H), 7.79 (d, J = 7.3 

Hz, 2H), 7.51 – 7.43 (m, 4H), 7.39 – 7.03 (m, 39H), 5.73 (t, J = 11.0 Hz, 1H), 5.47 – 5.33 

(m, 3H), 5.14 (d, J = 24.6 Hz, 2H), 4.78 (t, J = 12.7 Hz, 1H), 4.74 – 4.65 (m, 2H), 4.63 – 

4.51 (m, 4H), 4.48 – 4.35 (m, 5H), 4.30 (d, J = 11.1 Hz, 1H), 4.17 (d, J = 2.5 Hz, 1H), 

4.00 – 3.90 (m, 3H), 3.85 – 3.75 (m, 4H), 3.70 (dd, J = 14.6, 7.3 Hz, 1H), 3.63 (s, 1H), 

3.47 – 3.38 (m, 3H), 3.28 (s, 1H), 3.13 (m, 2H), 2.92 (m, 1H), 1.47 – 1.22 (m, 4H), 1.18 – 

1.03 (m, 2H); 13C NMR (150 MHz, CDCl3) δ 167.1, 165.8, 165.6, 165.3, 138.1, 138.0, 

133.5, 130.1, 130.0, 129.8, 129.4, 129.2, 128.7 (3C), 128.6 (3C), 128.57, 128.4, 128.3, 

128.0, 127.9 (4C), 127.8, 127.7, 127.3, 101.4, 100.5, 99.7, 78.2, 76.4, 75.2, 74.3, 73.9, 

73.5, 73.3, 71.3, 70.9, 70.3, 67.8, 67.3, 56.2, 50.4, 47.3, 46.3, 29.2, 27.5, 23.5; HRMS 

(ESI) calcd for C96H95O22N2Cl3Na [M+Na]+ 1757.5341; found: 1757.5238. 
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N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2-O-benzoyl-4,6-di-O-benzyl-3-O-(methyl 

5-penanoate)-β-D-galactopyranosyl-(1→4)-2,3-di-O-benzoyl-6-O-benzyl-β-D-

glucopyranosyl-(1→6)-4-O-(2,3-di-O-benzoyl-4,6-di-O-benzyl-β-D-

galactopyranosyl)-3-O-benzyl-2-deoxy-2-trichloroacetamino-β-D-glucopyranoside 

(28) 

 

Both trisaccharides 51 (258 mg, 0.149 mmol) and monosaccharide 33 (130 mg, 0.208 

mmol) were mixed and co-evaporated three times with anhydrous toluene. Pre-activated 

molecular sieves AW-300 and anhydrous DCM (6 mL) were added and the reaction 

mixture was stirred at room temperature for 20 min. Then the mixture was cooled down 

to -30 oC and NIS (65.2 mg, 0.290 mmol) followed by triflic acid (2.6 μL, 0.019 mmol) 

were added. The reaction mixture was stirred at -10 oC for 1.5 h and quenched with 

triethylamine. The mixture was extracted with aqueous saturated NaHCO3 solution. The 

combined organic layer was washed with brine, dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography with 

15% acetone in toluene to afford compound 28 (301 mg, 0.131 mmol, 88%) as a white 

foam. 

1H NMR (400 MHz, CDCl3) δ 8.06 – 7.94 (m, 6H), 7.91 – 7.86 (m, 2H), 7.82 – 7.77 (m, 

2H), 7.60 – 7.15 (m, 61H), 5.74 (dd, J = 10.4, 7.9 Hz, 1H), 5.51 (t, J = 9.4 Hz, 1H), 5.45 

(dd, J = 10.1, 8.0 Hz, 1H), 5.39 (dd, J = 10.5, 3.0 Hz, 1H), 5.33 (dd, J = 9.7, 7.9 Hz, 1H), 

5.18 (d, J = 11.2 Hz, 2H), 4.87 (d, J = 11.7 Hz, 1H), 4.78 (d, J = 9.4 Hz, 1H), 4.70 (d, J = 

11.4 Hz, 1H), 4.63 – 4.53 (m, 3H), 4.53 – 4.45 (m, 4H), 4.40 (m, 3H), 4.33 – 4.26 (m, 

2H), 4.23 (d, J = 12.1 Hz, 1H), 4.18 (d, J = 2.8 Hz, 1H), 4.13 – 4.05 (m, 3H), 3.94 (dd, J 

= 10.4, 5.1 Hz, 1H), 3.86 – 3.80 (m, 2H), 3.78 – 3.72 (m, 2H), 3.72 – 3.61 (m, 2H), 3.60 – 

3.44 (m, 9H), 3.41 – 3.35 (m, 1H), 3.35 – 3.26 (m, 3H), 3.23 – 3.09 (m, 3H), 2.98 – 2.82 

(m, 3H), 2.09 (t, J = 7.0 Hz, 2H), 1.49 – 1.36 (m, 6H), 1.33 – 1.25 (m, 2H), 1.19 – 1.01 
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(m, 2H); 13C NMR (152 MHz, CDCl3) δ 173.8, 165.8, 165.5, 165.4, 165.3, 164.9, 139.0, 

138.4, 138.0 (2C), 133.9, 133.4, 133.3, 133.2, 132.6, 130.6, 130.1, 130.0, 129.9 (2C), 

129.7, 129.6, 129.5, 129.2, 128.9, 128.7, 128.6 (2C), 128.5, 128.3, 128.2 (3C), 128.0, 

127.9 (3C), 127.8, 127.7, 127.4, 101.3, 101.1, 100.6, 99.6, 81.5, 75.3, 75.2, 74.5, 74.4, 

74.2, 73.5, 73.4, 73.3, 73.2, 73.0, 72.7, 72.5, 72.0, 70.8, 70.2, 68.0, 67.6, 67.2, 67.2, 53.9, 

51.5, 33.5, 29.4, 29.3, 21.5; HRMS (ESI) calcd for C129H131O30N2Cl3K [M+K]+ 

2334.7493; found: 2334.7359. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 4,6-di-O-benzyl-3-O-(5-penanoate acid)-β-

D-galactopyranosyl-(1→4)-6-O-benzyl-β-D-glucopyranosyl-(1→6)-3-O-benzyl-4-O-

(4,6-di-O-benzyl-β-D-galactopyranosyl)-2-deoxy-2-trichloroacetamino-β-D-

glucopyranoside (52) 
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To a solution of tetrasaccharide 28 (27 mg, 0.012 mmol) in THF (2 mL) and MeOH (2 

mL), 15% aqueous NaOH solution (100 μL) was added. The reaction mixture was stirred 

for 1 h until the starting material disappeared. Then excessive MeONa (50 mg) was 

added. The reaction mixture was stirred for another 5 h, quenched with Amberlite H+, 

filtered and concentrated. The residue was purified by flash column chromatography with 

5% MeOH in DCM (0.5% AcOH) to afford compound 52 (19.4 mg, 0.011 mmol, 92%) 

as a white solid. 

1H NMR (600 MHz, CDCl3) δ 8.13 – 6.85 (m, 40H), 5.14 (d, J = 23.4 Hz, 2H), 4.95 (d, J 

= 10.7 Hz, 1H), 4.84 (brs, 1H), 4.78 (d, J = 11.7 Hz, 1H), 4.72 (d, J = 11.7 Hz, 1H), 4.60 

– 4.49 (m, 6H), 4.48 – 4.42 (m, 3H), 4.39 – 4.34 (m, 2H), 4.31 (d, J = 11.8 Hz, 1H), 4.24 

– 4.17 (m, 3H), 4.09 (brs, 1H), 3.96 (d, J = 8.3 Hz, 1H), 3.90 – 3.69 (m, 8H), 3.64 (s, 1H), 

3.62 – 3.37 (m, 16H), 3.29 (s, 2H), 3.23 – 3.10 (m, 4H), 3.06 – 3.00 (m, 1H), 2.35 (s, 3H), 
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2.04 (s, 1H), 1.61 (brs, 2H), 1.52 – 1.39 (m, 4H), 1.27 – 1.17 (m, 4H); 13C NMR (150 

MHz, CDCl3) δ 161.8, 156.3, 138.8, 138.3, 138.0, 137.9, 137.6, 128.7, 128.6, 128.5 (2C), 

128.4, 128.3, 128.2, 128.1, 128.0, 127.9 (3C), 127.8, 127.7, 127.3, 104.2, 103.8, 103.3, 

103.2, 103.1, 99.4, 99.3, 82.9, 78.3, 76.1, 75.7, 75.2, 75.0, 74.6, 74.3, 74.1, 73.9, 73.8, 

73.7, 73.5, 73.2, 73.1, 72.4, 70.8, 70.4, 70.1, 69.8, 69.1, 68.8, 68.6, 68.3, 68.0, 67.3, 58.2, 

54.9, 50.7, 50.4, 49.8, 47.3, 47.0, 46.3, 46.1, 45.3, 43.6, 29.8, 29.4, 28.1, 27.5, 23.5, 23.3, 

21.8; HRMS (ESI) calcd for C93H109O25N2Cl3Na [M+Na]+ 1783.6255; found: 1783.6334. 

 

5-Aminopentyl 3-O-(5-penanoate acid)-β-D-galactopyranosyl-(1→4)-β-D-

glucopyranosyl-(1→6)-4-O-(β-D-galactopyranosyl)-2-deoxy-2-acetamino-β-D-

glucopyranoside (25) 

 

To a solution of compound 52 (5 mg, 2.84 μmol) in DCM/t-butanol/H2O (2/4/1, 2.1 mL), 

an excess amount of Pd-C was added. The reaction was stirred at room temperature under 

hydrogen for 24 h. After completion, the mixture was filtered to give compound 25 (2.5 

mg, 2.84 μmol, quant.) as a white solid. 

1H NMR (600 MHz, D2O) δ 4.57 (d, J = 8.0 Hz, 1H), 4.54 (d, J = 7.8 Hz, 2H), 4.47 (d, J 

= 7.7 Hz, 1H), 4.29 (d, J = 10.3 Hz, 1H), 4.16 (s, 1H), 4.02 – 3.94 (m, 2H), 3.94 – 3.87 

(m, 2H), 3.85 – 3.66 (m, 15H), 3.63 – 3.52 (m, 5H), 3.45 (dd, J = 10.0, 3.1 Hz, 1H), 3.40 

– 3.34 (m, 1H), 3.02 – 2.96 (m, 2H), 2.23 – 2.20 (m, 2H), 2.04 (s, 3H), 1.71 – 1.58 (m, 

8H), 1.44 – 1.36 (m, 2H); 13C NMR (152 MHz, D2O) δ 177.0, 105.5, 105.0, 103.8, 83.0, 

80.9, 80.5, 77.9, 76.9, 76.1, 75.2, 75.1, 72.8, 72.6, 71.9, 71.2, 70.0, 67.6, 63.7, 63.7, 62.6, 

57.7, 41.9, 39.8, 31.2, 30.7, 28.9, 24.9, 24.7; HRMS (ESI) calcd for C36H65O23N2 [M+H]+ 

893.3979; found: 893.4137. 
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5-Aminopentyl 2-O-benzoyl-3-O-(methyl 5-penanoate)-β-D-galactopyranosyl-(1→4)-

2,3-di-O-benzoyl-β-D-glucopyranosyl-(1→6)-4-O-(2,3-di-O-benzoyl-β-D-

galactopyranosyl)-2-deoxy-2-acetamino-β-D-glucopyranoside (53) 

 

To a solution of compound 28 (26.8 mg, 11.7 μmol) in DCM/t-butanol/H2O (2/4/1, 

2.1mL), an excess amount of Pd-C was added. The reaction mixture was stirred for 24 h 

at room temperature under hydrogen. After completion, the mixture was filtered to give 

compound 53 quantitatively. 

1H NMR (600 MHz, CD3OD) δ 8.16 (d, J = 7.4 Hz, 2H), 8.11 (d, J = 7.3 Hz, 2H), 7.99 

(d, J = 7.5 Hz, 2H), 7.93 (t, J = 7.2 Hz, 4H), 7.70 (t, J = 6.8 Hz, 2H), 7.63 (t, J = 7.6 Hz, 

2H), 7.61 – 7.47 (m, 6H), 7.44 – 7.35 (m, 5H), 5.51 (dd, J = 10.2, 8.0 Hz, 1H), 5.38 – 

5.28 (m, 2H), 5.09 (t, J = 8.0 Hz, 1H), 4.90 – 4.87 (m, 1H), 4.67 (d, J = 8.0 Hz, 1H), 4.29 

(d, J = 8.1 Hz, 1H), 4.05 (t, J = 9.4 Hz, 1H), 4.02 (d, J = 2.8 Hz, 1H), 3.97 (d, J = 2.9 Hz, 

1H), 3.95 (d, J = 7.9 Hz, 1H), 3.85 (d, J = 10.2 Hz, 1H), 3.78 – 3.74 (m, 1H), 3.69 – 3.54 

(m, 8H), 3.52 (s, 3H), 3.46 – 3.40 (m, 3H), 3.38 – 3.32 (m, 3H), 3.30 – 3.24 (m, 2H), 3.19 

(dd, J = 10.7, 5.9 Hz, 1H), 2.98 – 2.86 (m, 3H), 2.31 (d, J = 9.3 Hz, 1H), 2.12 – 2.05 (m, 

2H), 1.95 (s, 3H), 1.69 – 1.62 (m, 2H), 1.58 – 1.53 (m, 2H), 1.50 – 1.40 (m, 6H); 13C 

NMR (150 MHz, CD3OD) δ 175.6, 173.5, 167.6, 167.1, 166.9, 166.8, 166.5, 135.6, 

135.1, 134.6, 134.5, 134.3, 131.2, 131.1, 130.9 (3C), 130.8, 130.7, 130.6, 130.4, 130.3, 

129.9, 129.5, 129.4, 102.9, 102.7, 102.5, 102.0, 82.4, 81.3, 76.9, 76.7, 76.6, 75.4, 74.5, 

74.1, 74.0, 73.4, 73.1, 71.7, 70.2, 70.0, 68.5, 67.5, 66.3, 61.8, 61.1, 60.2, 56.2, 51.9, 40.7, 

34.2, 30.0, 29.6, 27.9, 24.0, 23.0, 22.6; HRMS (ESI) calcd for C72H87O28N2 [M+H]+ 

1427.5440; found: 1427.5452. 

 

Protected divalent derivative (54) 
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Both compound 53 (16.7 mg, 11.7 μmol) and 52 (17.2 mg, 9.77 μmol) were dissolved in 

DMF (3 mL) followed by the addition of PyBOP (5.6 mg, 15.1 μmol) and DIPEA (0.2 

mL). Then the reaction was stirred for 4 h at room temperature. The solvent was removed 

under vacuum and the residue was purified by flash column chromatography with 8% 

MeOH in dichloromethane to give 54 (24.7 mg, 7.8 μmol, 80%) as a white foam. 

1H NMR (700 MHz, CD3OD) δ 8.23 – 7.87 (m, 11H), 7.74 – 7.47 (m, 12H), 7.45 – 7.21 

(m, 41H), 7.10 (t, J = 7.5 Hz, 1H), 5.56 – 5.31 (m, 2H), 5.25 – 5.04 (m, 4H), 4.96 (d, J = 

11.4 Hz, 1H), 4.71 – 4.41 (m, 14H), 4.34 – 4.19 (m, 4H), 4.14 – 3.99 (m, 6H), 3.95 – 3.50 

(m, 39H), 3.49 – 3.41 (m, 5H), 3.37 (s, 3H), 3.31 – 3.11 (m, 9H), 2.24 (t, J = 7.6 Hz, 2H), 

2.14 – 2.06 (m, 2H), 1.98 – 1.91 (m, 3H), 1.80 – 1.63 (m, 5H), 1.47 (m, 15H); HRMS 

(ESI) calcd for C165H193Cl3O52N4Na2 [M+2Na]2+ 1606.5715; found: 1606.5713. 

 

Partly protected divalent derivative (55) 
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To a solution of 54 (8.7 mg, 2.74 μmol) in THF and MeOH (v/v=1/1, 2 mL), 15% NaOH 

solution (100 μL) was added. The reaction mixture was stirred for 1 h until starting mate-

rial disappeared. Then excessive MeONa (30 mg) was added. The reaction was stirred for 

another 5 h, quenched with Amberlite H+, filtered concentrated under vaccum. The 

residue was purified by size exclusion chromatography with 30% MeOH in chloroform to 

give compound 55 (7.1 mg, 2.69 μmol, 98%). 

1H NMR (400 MHz, CD3OD) δ 7.49 – 6.99 (m, 40H), 5.14 (d, J = 11.8 Hz, 2H), 5.07 (d, 

J = 10.2 Hz, 1H), 4.99 – 4.92 (m, 1H), 4.82 (d, J = 11.2 Hz, 2H), 4.64 – 4.35 (m, 16H), 

4.32 – 4.15 (m, 4H), 4.13 – 3.38 (m, 52H), 3.28 – 3.09 (m, 6H), 2.25 (m, 4H), 1.95 (s, 

3H), 1.70 (m, 8H), 1.50 (m, 8H), 1.40 – 1.27 (m, 4H); 13C NMR (101 MHz, CD3OD) δ 

176.0, 173.4, 140.5, 140.5, 140.3, 140.1, 139.8, 139.8, 139.3, 139.2, 138.1, 138.0, 129.6, 

129.5, 129.4, 129.4, 129.4, 129.3, 129.2, 129.2, 129.2, 129.2, 129.0, 129.0, 128.9, 128.8, 

128.7, 128.4, 105.1, 105.0, 104.8, 104.6, 104.5, 104.2, 102.9, 102.7, 102.3, 101.4, 86.0, 

83.9, 83.6, 83.0, 82.7, 81.2, 80.8, 80.4, 79.6, 79.5, 78.8, 78.7, 77.7, 77.0, 76.8, 76.4, 76.2, 

76.0, 75.7, 75.3, 74.8, 74.7, 74.6, 74.5, 74.4, 74.3, 74.1, 73.9, 73.4, 73.1, 72.7, 72.1, 71.7, 

71.5, 70.6, 70.4, 70.1, 69.9, 68.6, 67.5, 66.9, 65.1, 62.6, 62.5, 62.0, 58.3, 56.7, 55.7, 40.3, 

36.8, 36.7, 30.6, 30.2, 30.1, 24.4, 24.3, 24.2, 23.9, 23.4, 23.1, 14.6, 12.9; HRMS (ESI) 

calcd for C129H172Cl3O47N4Na [M+H+Na]2+ 1328.5072; found: 1328.5741. 

 

Divalent derivative (26) 
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To a solution of compound 55 (7 mg, 2.66 μmol) in DCM/t-butanol/H2O (2/4/1, 2.1mL), 

an excess amount of Pd-C was added. The reaction mixture was stirred for 24 h at room 

temperature under hydrogen. After completion, the mixture was filtered to give 

compound 26 (4.6 mg, 2.66 μmol) quantitatively as a white solid. 
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1H NMR (700 MHz, D2O) δ 4.53 – 4.45 (m, 6H), 4.40 (d, J = 7.8 Hz, 2H), 4.23 (d, J = 

10.8 Hz, 2H), 4.09 (dd, J = 7.2, 2.8 Hz, 2H), 3.96 – 3.80 (m, 9H), 3.78 – 3.60 (m, 30H), 

3.56 – 3.46 (m, 10H), 3.41 – 3.37 (m, 2H), 3.32 (t, J = 8.3 Hz, 2H), 3.14 – 3.08 (m, 2H), 

2.94 – 2.89 (m, 2H), 2.21 (t, J = 7.2 Hz, 2H), 2.17 – 2.12 (m, 2H), 1.97 (s, 6H), 1.62 – 

1.50 (m, 14H), 1.47 – 1.42 (m, 2H), 1.37 – 1.31 (m, 2H), 1.30 – 1.24 (m, 2H); 13C NMR 

(175 MHz, D2O) δ 183.6, 176.6, 174.4, 174.3, 102.9, 102.7, 102.4, 101.2, 101.1, 80.4, 

78.3, 77.9, 75.3, 75.3, 74.7, 74.3, 73.5, 72.7, 72.5, 72.3, 70.9, 70.4, 70.2, 70.0, 69.3, 69.1, 

68.6, 67.4, 65.0, 61.1, 60.0, 55.1, 39.3, 39.2, 37.2, 35.5, 28.7, 28.2, 28.1, 27.9, 26.4, 22.5, 

22.3, 22.1, 22.0; HRMS (ESI) calcd for C72H126O45N4Na [M+Na]+ 1789.7592; found: 

1789.7497. 

 

Protected trivalent derivative (56) 

 

Both compound 53 (2.5 mg, 1.73 μmol) and 55 (3.8 mg, 1.44 μmol) were dissolved in 

DMF (1 mL) followed by the addition of PyBOP (2.2 mg, 4.3 μmol) and DIPEA (1.5 μL, 

8.6 μmol). The reaction mixture was stirred for 2 h at room temperature. The solvent was 

removed under high vacuum and the residue was purified by size exclusion 

chromatography with 50% MeOH in chloroform to afford the compound 56 (5.6 mg, 1.4 

μmol, 96%). 

1H NMR (700 MHz, CD3OD) δ 8.24 – 7.89 (m, 9H), 7.75 – 7.08 (m, 56H), 5.54 (t, J = 

9.1 Hz, 1H), 5.36 (t, J = 9.5 Hz, 2H), 5.18 – 5.08 (m, 7H), 4.71 – 4.40 (m, 26H), 4.27 – 

4.20 (m, 4H), 4.12 – 3.53 (m, 77H), 3.19 – 3.14 (m, 4H), 2.27 – 2.19 (m, 4H), 2.13 – 2.06 

(m, 2H), 1.96 (s, 6H), 1.81 – 1.69 (m, 6H), 1.60 – 1.43 (m, 18H), 1.38 – 1.32 (m, 6H); 13C 

NMR (176 MHz, CD3OD) δ 174.8, 174.6, 174.2, 172.0, 139.1, 138.7, 138.4, 138.0, 
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136.7, 129.9, 129.7, 129.5, 129.4, 129.3, 128.9, 128.6, 128.2, 128.0, 128.0, 127.9, 127.8, 

127.8, 127.6, 127.6, 127.5, 127.4, 127.3, 127.0, 103.7, 103.6, 103.5, 103.1, 102.8, 101.5, 

101.3, 101.2, 101.1, 100.9, 100.5, 82.5, 81.6, 79.9, 79.5, 79.1, 77.2, 75.6, 75.5, 75.1, 74.8, 

74.6, 74.5, 74.3, 74.2, 74.0, 73.5, 73.3, 73.2, 73.1, 73.0, 72.7, 72.0, 71.3, 70.7, 70.3, 70.1, 

69.1, 69.0, 68.7, 68.6, 67.2, 65.5, 64.9, 61.1, 60.7, 59.6, 55.3, 50.5, 38.9, 35.5, 35.4, 32.9, 

29.2, 28.8, 28.6, 23.0, 22.5, 22.4, 21.7, 21.2; MALDI-TOF MS calcd for 

C201H255Cl3O74N6Na [M+Na]+ 4064.533; found: 4064.444. 

 

Trivalent derivative (27) 

 

To a solution of tetrasaccharide 56 (3 mg, 0.74 μmol) in THF and MeOH (v/v=1/1, 2 

mL), aqueous 15% NaOH solution (30 μL) was added. The reaction mixture was stirred 

for 1 h until starting material disappeared. Then excessive MeONa (30 mg) was added. 

The reaction mixture was stirred for another 5 h, quenched with Amberlite H+, filtered 

and concentrated under vacuum. The residue was dissolved in a mixture of t-butanol/H2O 

(v/v=1/1, 1mL) followed by the addition of an excess amount of Pd-C. The reaction was 

stirred for 24 h at room temperature under hydrogen. The mixture was filtered to give 

compound 27 (1.3 mg, 0.49 μmol, 66%) as a white solid. 

1H NMR (400 MHz, D2O) δ 4.56 – 4.49 (m, 9H), 4.47 – 4.43 (m, 3H), 4.30 – 4.25 (m, 

2H), 4.17 – 4.09 (m, 3H), 3.99 – 3.95 (m, 4H), 3.92 – 3.89 (m, 5H), 3.82 – 3.66 (m, 51H), 

3.59 – 3.51 (m, 14H), 3.45 – 3.40 (m, 4H), 3.39 – 3.35 (m, 3H), 3.15 (t, J = 6.5 Hz, 4H), 

2.25 (t, J = 7.3 Hz, 4H), 2.20 – 2.17 (m, 2H), 2.01 (s, 9H), 1.61 – 1.47 (m, 22H), 1.35 – 

1.25 (m, 8H); 13C NMR (176 MHz, D2O) δ 183.7, 176.6, 174.4, 160.9, 102.9, 102.7, 

102.4, 101.2, 80.4, 78.3, 77.8, 75.3, 74.7, 74.3, 73.5, 72.7, 72.5, 72.3, 70.9, 70.4, 70.0, 

69.3, 69.1, 68.6, 67.4, 65.0, 61.1, 60.1, 55.1, 39.2, 37.2, 35.5, 28.7, 28.2, 27.9, 22.5, 22.3, 
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22.2, 22.1; HRMS (ESI) calcd for C108H190O67N6 [M+2H]2+ 1321.5816; found: 

1321.5756. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2-O-benzoyl-4,6-di-O-benzyl-β-D-

galactopyranosyl-(1→4)-2,3-di-O-benzoyl-6-O-benzyl-β-D-glucopyranosyl-(1→6)-4-

O-(2,3-di-O-benzoyl-4,6-di-O-benzyl-β-D-galactopyranosyl)-3-O-benzyl-2-deoxy-2-

trichloroacetamino-β-D-glucopyranoside (59) 

 

Trisaccharide 51 (17 mg, 9.8 μmol) and monosaccharide 35 (22 mg, 29 μmol) were mixed 

and co-evaporated three times using anhydrous toluene. Pre-activated molecular sieves 

AW-300 and anhydrous DCM (3 mL) were added and the mixture was stirred at room 

temperature for 20 min. The mixture was cooled down to -10 oC and NIS (10 mg, 44 

μmol) followed by triflic acid (0.4 μL, 5 μmol) were added. The reaction was stirred at -

10°C for 1 h and quenched with saturated aqueous NaHCO3 solution and 10% Na2S2O3 

solution. The aqueous layer was washed three times with DCM. The combined organic 

layer was washed with brine, dried over Na2SO4, filtered and concentrated in vacuo to 

give crude compound 58. Then the crude was dissolved in DCM (3 mL) followed by the 

addition of TEA (1 mL), the reaction mixture was stirred for 2 h at room temperature and 

the solvent was removed. The residue was purified by flash column chromatography with 

15% acetone in toluene to yield compound 59 (18.4 mg, 8.4 μmol, 86%) as a white foam. 

1H NMR (600 MHz, CDCl3) δ 7.93 (d, J = 7.6 Hz, 2H), 7.91 – 7.80 (m, 6H), 7.68 (d, J = 

7.7 Hz, 2H), 7.53 – 6.80 (m, 55H), 5.64 (d, J = 8.0 Hz, 1H), 5.40 (t, J = 9.3 Hz, 1H), 5.32 

– 5.22 (m, 2H), 5.11 – 5.01 (m, 3H), 4.70 (s, 1H), 4.60 (d, J = 11.4 Hz, 1H), 4.54 – 4.30 

(m, 11H), 4.25 – 4.17 (m, 3H), 4.10 – 3.99 (m, 4H), 3.85 (dd, J = 10.3, 4.9 Hz, 1H), 3.79 

– 3.55 (m, 7H), 3.52 – 3.25 (m, 9H), 3.12 – 3.00 (m, 3H), 2.93 – 2.80 (m, 2H), 2.72 (t, J = 
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9.2 Hz, 1H), 1.38 – 1.21 (m, 4H), 1.07 – 0.96 (m, 2H); 13C NMR (150 MHz, CDCl3) δ 

166.2, 165.8, 165.5, 165.4, 165.3, 138.3, 138.2, 138.0 (2C), 137.8, 133.8, 133.5, 133.4 

(2C), 132.7, 130.5, 130.0 (3C), 129.9, 129.8, 129.7, 129.5, 129.3, 129.2, 128.8, 128.7, 

128.6 (4C), 128.5, 128.4, 128.3, 128.2, 128.0 (2C), 127.9 (2C), 127.8, 127.7, 127.6, 

127.5, 127.3, 101.3, 100.7, 100.5, 99.6, 78.2, 76.2, 75.2 (2C), 74.6, 74.3 (2C), 73.6, 73.4 

(2C), 73.2 (2C), 73.0, 72.8, 72.0, 70.9, 69.4, 68.7, 67.9, 67.7, 67.3, 67.0, 56.4, 50.4, 47.3, 

46.3, 29.8, 27.5, 23.4; HRMS (ESI) calcd for C123H121Cl3O28N2Na [M+Na]+ 2203.7041; 

found: 2203.6987. 

 

5-Aminopentyl β-D-galactopyranosyl-(1→4)-β-D-glucopyranosyl-(1→6)-4-O-(β-D-

galactopyranosyl)-2-deoxy-2-acetamino-β-D-glucopyranoside (34) 

 

To a solution of tetrasaccharide 59 (13 mg, 5.96 μmol) in THF and MeOH (3 mL, 

v/v=1/1), excessive NaOMe (30 mg) was added. The reaction was stirred for 5 h, 

quenched with Amberlite H+, filtered and concentrated under vacuum. The residue was 

purified by flash column chromatography with 5% MeOH in DCM to give compound 60 

(9.7 mg, 5.84 μmol, 98%) as white solid. To a solution of compound 60 (9.7 mg, 5.84 

μmol) in DCM/t-butanol/H2O (2/4/1, 2.1mL), an excess amount of Pd-C was added. Then 

the reaction was stirred for 24 h at room temperature under hydrogen. After completion, 

the mixture was filtered to give compound 34 (4.0 mg, 5.1 μmol, 87%) as a white solid. 

 1H NMR (400 MHz, D2O) δ 4.54 (d, J = 8.1 Hz, 1H), 4.51 (d, J = 7.8 Hz, 2H), 4.43 (d, J 

= 7.7 Hz, 1H), 4.27 (d, J = 10.0 Hz, 1H), 3.98 – 3.50 (m, 24H), 3.40 – 3.32 (m, 1H), 2.97 

(t, J = 7.5 Hz, 2H), 2.01 (s, 3H), 1.70 – 1.55 (m, 4H), 1.43 – 1.33 (m, 2H); 13C NMR (100 

MHz, D2O) δ 174.4, 102.9, 102.7, 102.3, 101.2, 78.3, 77.7, 75.3, 75.2, 74.6, 74.2, 73.4, 
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72.6, 72.4, 72.2, 70.9, 70.2, 68.5, 67.3, 61.0, 60.0, 55.0, 39.3, 28.0, 26.3, 22.1, 22.0; 

HRMS (ESI) calcd for C31H57O21N2 [M+H]+ 793.3454; found: 793.3425. 

 

Phenyl 2-azido-2-deoxy-4,6-O-benzylidene-3-O-(methyl 5-pentanoate)-1-seleno-α-D-

galactopyranoside (62) 

 

Sodium hydride (20 mg, 0.50 mmol, 60% wt) was added to a solution of phenyl 2-azido-

2-deoxy-4,6-O-benzylidene-1-seleno-α-D-galactopyranoside 61 (144 mg, 0.33 mmol) in 

DMF (4 mL) at 0 oC, followed by the addition of methyl methyl 5-bromopentanoate (72 

µL, 0.50 mmol). The reaction was stirred for 2 h at room temperature, quenched with 

saturated aqueous NH4Cl and extracted three times with ethyl acetate. The combined 

organic layer was washed with brine, dried over Na2SO4, filtered and concentrated. The 

residue was purified by flash column chromatography with 20% ethyl acetate in hexanes 

to afford compound 62 (110 mg, 0.20 mmol, 61%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.62 – 7.53 (m, 2H), 7.54 – 7.47 (m, 2H), 7.41 – 7.32 (m, 

3H), 7.28 – 7.26 (m, 3H), 6.03 (d, J = 5.2 Hz, 1H), 5.60 (s, 1H), 4.41 (dd, J = 3.4, 1.1 Hz, 

1H), 4.33 (dd, J = 10.3, 5.2 Hz, 1H), 4.16 (dd, J = 12.8, 1.9 Hz, 1H), 4.13 – 4.05 (m, 2H), 

3.75 (dt, J = 8.9, 6.1 Hz, 1H), 3.65 (s, 4H), 3.57 (dt, J = 8.8, 5.9 Hz, 1H), 2.36 (t, J = 7.2 

Hz, 2H), 1.83 – 1.66 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 174.1, 137.6, 133.9, 129.3, 

129.2, 128.8, 128.3, 127.8, 126.3, 101.1, 85.7, 78.2, 72.3, 69.4, 68.6, 65.3, 59.8, 51.7, 

33.7, 29.2, 21.7; HRMS (ESI) calcd for C25H29O6N3SeNa [M+Na]+ 570.1113; found: 

570.1127. 

 

N-Phenyltrifluoroacetimidate 2-azido-2-deoxy-4,6-O-benzylidene-3-O-(methyl 5-

pentanoate)-α-D-galactopyranoside (63) 
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To a solution of monosaccharide 62 (98 mg, 0.18 mmol) in THF/H2O (3.6 mL, v/v=5/1) 

was added NIS (121 mg, 0.54 mmol) at 0 oC. The reaction was stirred for 2 h at room 

temperature, then diluted with DCM and washed with 10% aq. Na2S2O3 solution. The 

organic layer was dried over Na2SO4, filtered and concentrated to get crude hemi-acetal. 

The crude was dissolved in DCM (4 mL) followed by the addition of (E)-2,2,2-trifluoro-

N-phenylacetimidoyl chloride (85 µL, 0.538 mmol) and Cs2CO3 (175 mg, 0.538 mmol) at 

0 oC . After 2 h, the reaction mixture was filtered and concentrated. The residue was 

purified by flash column chromatography with 22% ethyl acetate in hexanes (1% 

triethylamine) to give imidate 63 (98.6 mg, 0.17 mmol, 94%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.67 – 7.47 (m, 2H), 7.42 – 7.35 (m, 3H), 7.34 – 7.27 (m, 

2H), 7.19 – 7.05 (m, 1H), 6.85 (d, J = 7.8 Hz, 2H), 5.58 (s, 1H), 4.40 – 4.24 (m, 2H), 4.06 

(d, J = 13.0 Hz, 2H), 3.73 (dd, J = 7.1, 5.9 Hz, 1H), 3.64 (s, 3H), 3.56 (dd, J = 6.7, 5.7 

Hz, 1H), 3.38 (s, 1H), 2.36 (t, J = 7.1 Hz, 2H), 1.82 – 1.64 (m, 4H); 13C NMR (101 MHz, 

CDCl3) δ 174.1, 143.5, 137.5, 129.3, 128.9, 128.4, 126.4, 124.5, 119.5, 101.2, 79.3, 71.7, 

69.3, 69.0, 67.5, 61.0, 51.7, 33.7, 29.1, 21.7; HRMS (ESI) calcd for C27H29F3O7N4Na 

[M+Na]+ 601.1880; found: 601.1876. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2-acetamino-2-deoxy-4,6-O-benzylidene-3-

O-(methyl 5-pentanoate)-β-D-galactopyranoside (65) 
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The imidate 63 (82.4 mg, 0.14 mmol) and N-(benzyl)-benzyloxycarbonyl-5-

aminopentanol 5 (93 mg, 0.28 mmol) were co-evaporated twice with toluene and dried 

under vacuum. The residue was dissolved in acetonitrile (4 mL) and cooled to -20 oC. 

Trimethylsilyl trifluoromethanesulfonate (3 µL, 14.2 µmol) was added and the reaction 

was stirred for 1 h. The reaction was quenched with triethylamine and concentrated under 

vacuum to give crude 64. The residue was dissolved in pyridine (4 mL), and thioacetic 

acid (1 mL) was added. The reaction was stirred for 72 h at room temperature. The 

reaction was concentrated under vacuum and purified by flash column chromatography 

with 50-80% ethyl acetate in hexanes to afford compound 65 (45 mg, 0.061 mmol, 44% 

over two steps) as a colorless oil. 

1H NMR (600 MHz, CDCl3) δ 7.49 (d, J = 6.9 Hz, 2H), 7.41 – 7.20 (m, 12H), 7.15 (d, J = 

7.4 Hz, 1H), 5.54 (s, 1H), 5.15 (d, J = 21.5 Hz, 2H), 5.09 (d, J = 8.3 Hz, 1H), 4.48 (d, J = 

13.1 Hz, 2H), 4.30 (d, J = 12.3 Hz, 2H), 4.25 (d, J = 3.4 Hz, 1H), 4.06 (dd, J = 12.4, 1.8 

Hz, 1H), 3.85 (d, J = 31.5 Hz, 1H), 3.66 (dt, J = 9.1, 5.8 Hz, 1H), 3.61 (s, 3H), 3.46 – 

3.16 (m, 6H), 2.30 (t, J = 7.5 Hz, 2H), 1.89 (s, 3H), 1.69 – 1.63 (m, 2H), 1.61 – 1.48 (m, 

6H), 1.34 – 1.25 (m, 2H); HRMS (ESI) calcd for C41H52O10N2Na [M+Na]+ 755.3514; 

found: 755.3552. 

 

5-Aminopentyl 2-acetamino-2-deoxy-3-O-(methyl 5-pentanoate)-β-D-

galactopyranoside (67) 

 

The compound 65 (10.3 mg, 0.014 mmol) was dissolved in a mixture of THF/t-

butanol/H2O (4/2/1, 2.1mL) followed by the addition of excess amount of Pd-C. The 

reaction was stirred for 20 h at room temperature under hydrogen. Then the reaction 

mixture was filtered to give compound 67 (4 mg, 9.5 μmol, 67%) as a colorless oil. 

1H NMR (400 MHz, D2O) δ 4.31 (d, J = 8.6 Hz, 1H), 3.99 (d, J = 3.1 Hz, 1H), 3.81 – 

3.58 (m, 5H), 3.55 (s, 3H), 3.51 – 3.44 (m, 3H), 3.38 – 3.23 (m, 2H), 2.84 (t, J = 7.7 Hz, 
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2H), 2.27 (t, J = 7.3 Hz, 2H), 1.87 (s, 3H), 1.55 – 1.44 (m, 8H), 1.32 – 1.21 (m, 2H); 13C 

NMR (151 MHz, D2O) δ 177.2, 174.2, 101.5, 78.7, 75.0, 69.9, 68.9, 64.4, 61.5, 61.0, 

52.0, 51.2, 39.3, 33.2, 28.0, 28.0, 27.8, 26.3, 22.1, 20.9; HRMS (ESI) calcd for 

C19H37O8N2 [M+H]+ 421.2544; found: 421.2529. 

 

N-Benzyl-N-benzyloxycarbonyl-5-pentyl 2-acetamino-2-deoxy-4,6-O-benzylidene-3-

O-(5-pentanoate acid)-β-D-galactopyranoside (66) 

 

To a solution of 65 (7.9 mg, 0.011 mmol) in THF and MeOH (2 mL, v/v=1/1), aqueous 

15% NaOH solution (100 μL) was added. The reaction mixture was stirred for 4 h, 

quenched by Amberlite H+, filtered and concentrated under vacuum. The residue 66 was 

used directly in the next step. 

 

Protected divalent of N-acetyl-galactosamine (68) 

 

To a solution of crude 66 (11 μmol) and compound 67 (4 mg, 9.5 μmol) in DMF (2 mL), 

PyBOP (8 mg, 15.5 μmol) was added followed by the addition of DIPEA. The reaction 

was stirred for 2 h at room temperature. The solvent was removed in vacuo. The residue 

was purified by flash column chromatography using 7-9% methanol in dichloromethane 

to afford compound 68 (6.7 mg, 6 μmol, 63%) as a colorless oil. 
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1H NMR (400 MHz, CD3OD) δ 7.56 – 7.46 (m, 5H), 7.37 – 7.20 (m, 10H), 5.63 (s, 1H), 

5.16 (d, J = 13.6 Hz, 2H), 4.51 (s, 3H), 4.45 – 4.34 (m, 2H), 4.18 (q, J = 12.3 Hz, 2H), 

4.06 – 3.99 (m, 2H), 3.94 (t, J = 9.6 Hz, 1H), 3.86 (dt, J = 9.4, 6.1 Hz, 2H), 3.77 – 3.70 

(m, 4H), 3.64 (s, 3H), 3.61 (dd, J = 11.2, 3.2 Hz, 1H), 3.51 – 3.42 (m, 5H), 3.38 (dd, J = 

11.5, 4.0 Hz, 2H), 3.24 (d, J = 8.6 Hz, 2H), 3.08 (t, J = 6.6 Hz, 2H), 2.34 (t, J = 7.4 Hz, 

2H), 2.17 (t, J = 7.4 Hz, 2H), 1.95 (s, 6H), 1.71 – 1.46 (m, 16H), 1.39 – 1.32 (m, 4H); 13C 

NMR (176 MHz, CD3OD) δ 176.0, 175.8, 173.5, 139.7, 129.9, 129.6, 129.1, 129.0, 

128.7, 128.4, 128.1, 127.6, 126.9, 118.8, 111.6, 103.1, 102.7, 102.3, 80.9, 79.5, 78.8, 

76.6, 73.5, 70.4, 70.2, 70.2, 70.1, 69.9, 68.1, 66.1, 62.6, 53.0, 52.8, 52.0, 40.3, 36.7, 34.5, 

30.3, 30.2, 30.2, 30.0, 24.5, 24.2, 24.1, 23.2, 23.1, 22.8; HRMS (ESI) calcd for 

C59H84O17N4Na [M+Na]+ 1143.5724; found: 1143.5760. 

 

Divalent of N-acetyl-galactosamine (69) 

 

To a solution of compound 68 (6.5 mg, 5.8 μmol) in THF and MeOH (2 mL, v/v=1/1), an 

aqueous 15% NaOH solution (100 μL) was added. The reaction mixture was stirred 

overnight, quenched with Amberlite H+, filtered and concentrated in vacuo. The residue 

was then dissolved in a mixture of THF/t-butanol/H2O (1/2/1, 2.1mL) followed by the 

addition of excess amount of Pd-C. The reaction mixture was stirred for 20 h at room 

temperature under hydrogen. The reaction mixture was filtered to give compound 69 (4.2 

mg, 5.3 μmol, 91%) as a colorless oil. 

1H NMR (600 MHz, D2O) δ 4.32 (d, J = 8.6 Hz, 2H), 3.99 (d, J = 3.1 Hz, 2H), 3.80 – 

3.72 (m, 3H), 3.69 – 3.60 (m, 4H), 3.52 – 3.43 (m, 4H), 3.37 – 3.29 (m, 3H), 3.05 – 3.01 

(m, 2H), 2.85 (t, J = 7.7 Hz, 2H), 2.57 (t, J = 6.4 Hz, 2H), 2.44 (t, J = 6.0 Hz, 2H), 2.24 (t, 

J = 7.3 Hz, 2H), 2.11 (t, J = 7.4 Hz, 2H), 1.88 (s, 3H), 1.87 (s, 3H), 1.75 – 1.66 (m, 4H), 

1.59 – 1.34 (m, 12H), 1.30 – 1.24 (m, 2H), 1.20 (tt, J = 7.7, 4.6 Hz, 2H); 13C NMR (151 

MHz, D2O) δ 179.2, 176.4, 174.1, 101.5, 101.5, 81.7, 78.7, 75.0, 75.0, 70.1, 69.9, 69.0, 
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68.9, 64.5, 64.4, 61.5, 61.0, 51.2, 39.3, 39.2, 35.4, 33.8, 28.2, 28.1, 28.0, 28.0, 27.9, 27.8, 

26.3, 22.4, 22.2, 22.1, 22.1, 22.0, 21.1, 20.7, 20.7, 20.0, 19.6, 18.2; HRMS (ESI) calcd for 

C36H67O15N4 [M+H]+ 795.4597; found: 795.4612. 

 

2.4.2 Biochemistry experiments 

Glycan array printing 

Briefly, synthetic oligosaccharides and commercial pneumococcal polysaccharides were 

dissolved in 50 mM sodium phosphate buffer (PH 8.5) and spotted to N-

hydroxysuccinimide activited hydrogel coated glass slides (CodeLink slides; Surmodics) 

using an S3 robotic non-contact microarray printer. Repetitive printing patterns were used 

as outlined in section 2.2.4. Slides were incubated in a humidified chamber overnight and 

quenched with 100 mM ethanolamine and 50 mM sodium phosphate (PH 9.0) for 1 h at 

room temperature. Slides were washed with water, dried by centrifugation and stored at 4 
oC until use. 

General procedure for glycan array analysis 

Slides were blocked by incubation with 1% bovine serum albumin (BSA) in phosphate 

buffered saline (PBS) (1% BSA-PBS) for at least 30 min at room temperature. Slides 

were washed twice with PBS and dried by centrifugation. A 64-well incubation grid 

(Grace Biolabs) was applied to the slide. Dilutions of anti-ST14 mouse or human sera in 

1% BSA-PBS were applied to the wells and incubated for 1 h at 37 oC in a humid and 

dark chamber. Wells were washed three times with PBS containing 0.1% Tween-20 

(PBS-T). Secondary antibody dilutions in 1% BSA-PBS were applied to the wells and 

incubated for 1 h at 37 oC in a humid and dark chamber. The following secondary 

antibodies were used: goat anti-mouse IgG H+L AlexaFluor 635 (Thermo Fisher 

Scientific Invitrogen) and goat anti-human IgG H+L AlexaFluor 635 (Thermo Fisher 

Scientific Invitrogen). Wells were washed twice with PBS-T and once with PBS. The 

incubation grid was removed and the slides were rinsed with water and dried by 

centrifugation. Slides were scanned using a GenePix 4300A microarray scanner 

(Molecular Devices, Sunnyvale, CA, USA) and evaluated using GenePix Pro 7.2 (both 
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Molecular Devices). The photomultiplier tube (PMT) voltage was adjusted such that 

scans were free of saturation signals and the wavelength was chosen based on the 

secondary antibody used. 

Preparation of glycoconjugates 

Bis(p-nitrophenyl adipate) (4 mg, 10 µmol) was added to a solution of oligosaccharide (1 

µmol) in a mixture of dimethylsulfoxide/pyridine (8/1, 180 µL), followed by the addition 

of triethylamine (5 µL). The reaction was stirred for 6 h at room temperature. Then the 

solvent was removed by lyophilization overnight. The residue was triturated with 

chloroform (3×1 mL) and dichloromethane (3×1 mL), transferred to a 1.8 mL type I class 

A glass vial using dimethylsulfoxide (150 µL) and lyophilized. 

CRM197 (1 mg) was washed with autoclaved water (3×500 µL) and phosphate buffer 0.1 

M pH 8.0 (3×500 µL) by dialysis using a centrifugal filter (10 KDa MWCO, Merck 

Milipore), concentrated 100 µL and transferred to the vial with activated oligosaccharide. 

The reaction mixture was stirred for 18 h at room temperature, transferred to a centrifugal 

filter and washed with phosphate buffer 0.1 M pH 8.0 (3×400 µL) and autoclaved water 

(3×400 µL). A 10 µL sample was taken for analysis before washing the mixture with 

phosphate buffered saline (2×400 µL). 

The average molecular size of the conjugates was characterized by Matrix-assisted laser 

desorption/ionization (MALDI) analysis using 2,4-dihydroxyacetophenone (DHAP) as 

matrix. The conjugates were prepared in 6×SDS-PAGE sample loading dye and was 

resolved on 10% SDS-PAGE. The electrophoresis was carried out at 120 V and 25 mA 

for 90 min in electrode buffer and then the gel was soaked in PageBlue protein staining 

solution. 

Immunization of mice 

Four groups of five female 6-8 week-old C57BL/6 mice were immunized subcutaneously 

with each glycoconjugates (1 µg of oligosaccharide antigen per dose) mixed with 

aluminum hydroxide as adjuvant (Brenntag, Mülheim, Germany). The control group was 

composed of three female 6-8 week-old C57BL/6 mice and received only PBS with 

aluminum hydroxide. On day 14 and 28, mice received a booster immunization with the 
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same formulation. Mice were bled via tail weekly, using glass micro hematocrit capillary 

of 100 µL. The antibody titers in sera were measured using ELISA and glycan 

microarrays. 

ELISA analysis 

High binding 96-well polystyrene microtiter plates (Corning, USA) were coated 

overnight at 4 oC with 10 μg/mL of Pn14PS in PBS, PH 7.2 (50 μL per well). The plates 

were washed three times with PBS-T and blocked with 1% FCS in PBS for 1 h at room 

temperature. After three-time washings with PBS-T, the plate was incubated with each 

individual mouse serum at different dilutions in duplicate or triplicate for 1 h at room 

temperature. The plates were washed four to five times with PBS-T and incubated with 

horseradish peroxidase (HRP) conjugated goat anti-mouse IgG antibodies (Sigma-

Aldrich, USA), then washed thoroughly with PBS-T. The absorbance was recorded at 450 

nm using an ELISA reader (Infinite® 200 NanoQuant, Tecan, Switzerland). 
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Chapter 3 

Synthesis of D-ribitol-5-phosphate trimer and X-ray 

crystallographic analysis of its interaction with the TarP 

glycosyltransferase 

 

3.1 Introduction 

3.1.1 Teichoic acids of Gram-positive bacteria 

The cell wall of Gram-positive bacteria which surrounds the cytoplasmic membrane is a 

complex of different biopolymers, consisting of peptidoglycans, polysaccharides, teichoic 

acids (TAs) and (glyco)proteins.154 TAs,155-157 including wall teichoic acids (WTAs) and 

lipoteichoic acids (LTAs), are phosphate-rich glycopolymers. WTAs are usually linked to 

peptidoglycans,158 while LTAs anchor into cytoplasmic membrane through glycolipids159 

(Figure 3.1). WTAs are highly abundant in cell walls of Gram-positive pathogens. In 

certain bacteria such as Bacillus subtilis, the total mass of WTAs constitutes up to 60% of 

the cell wall.160 Due to their polyanionic nature and their abundance, teichoic acids play 

various roles in bacterial physiology.161-165 They are involved in regulation of ion 

homeostasis inside the cell wall, in modulating autolytic activity and in controlling cell 

division and morphogenesis. TAs are also crucial for bacteria host interactions since their 

D-alanylation protects bacteria against cationic antimicrobial peptides. Moreover, TAs 

influence bacterial adhesion to abiotic surfaces and to host cells. 
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Figure 3.1: Schematic representation of teichoic acid polymers on Gram-positive bacteria cell wall.156 

(Reprinted from Ref 156) 

 

3.1.2 Structure of wall teichoic acids 

The structure of WTA polymer can be divided into two components (Figure 3.1): a 

disaccharide linkage unit and a main chain polymer composed of phosphodiester-linked 

polyol repeating units. The disaccharide linkage unit, which is highly conserved across 

bacterial species, consists of N-acetylmannosamine (β1→4) N-acetylglucosamine 1-

phosphate with one or two glycerol 3-phosphate (GroP) units attached to the C-4 position 

of ManNAc (Figure 3.2-A).158, 166, 167 The anomeric phosphate of the linkage unit is 

covalently attached to peptidoglycan via a phosphodiester bond to the C-6 position of N-

acetylmuramic acid (MurNAc), while the phosphodiester-linked polyol repeating units 

extend from the GroP end of the linkage unit. 

The most common repeating units for WTA main chains are glycerol-phosphate or 

ribitol-phosphate (RboP),166, 168, 169 but the unit structures can be highly diverse170, 171 

(Figure 3.2-B). Additional WTA structural diversity arises from the presence of 
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substituents attached to the repeating units. The hydroxyls of the GroP and RboP repeat-

repeating units can be tailored with cationic D-alanine esters172 and monosaccharides, 

commonly glucose or N-acetylglucosamine.173-175 Nearly all of the RboP repeating units 

in S. aureus contain O-GlcNAc modifications.176 Depending on the bacterial strain, the 

anomeric configuration of the glycosidic linkage can be exclusively α, exclusively β or a 

mixture of the two.177 

 

Figure 3.2: WTAs share a common linkage unit but exhibit structural diversity in their repeating units.178 

(A) WTA linkage unit. (B) Four different classes of WTA repeating units. 

During WTA biosynthesis, the monosaccharides are connected via WTA 

glycosyltransferases (GTs) inside the cell after polymer synthesis is complete prior to 

WTA export to the cell surface.179 In the past few years, several WTA GTs have been 
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identified. TagE modifies WTAs in B. subtilis with α-glucose using UDP-glucose as a 

donor substrate. In S. aureus, glycosyltransferases TarM180-182 and TarS183 have been 

reported to attach α-O-GlcNAc and β-O-GlcNAc residues to RboP of WTAs (Figure 3.3). 

 

Figure 3.3: WTAs biosynthesis in S. aureus. Glycosyltransferases TarS and TarM are responsible for β-O-

GlcNAcylation and α-O-GlcNAcylation.156 (Reprinted from Ref 156) 

Glycosyltransferase TarP has been recently discovered to modify poly(RboP)-WTA with 

GlcNAc in S. aureus. To understand the mechanism of this process, a fragment of main 

chain of WTA (Figure 3.4), trimer of RboP 70, will be synthesized to study its interaction 

with TarP. 

HO O
P

O O
P

O O
P

OH
OH OH OH OH OH OH
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70, trimer of RboP  

Figure 3.4: Structure of trimer of RboP 70. 
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3.2 Results and discussion 

3.2.1 Retrosynthetic analysis 

 

Scheme 3.1: Retrosynthetic analysis of the target compound 70. Lev: levulinoyl; i-Pr: iso-propyl. 

The phosphoramidite method184-186, originally developed for solid-phase oligonucleotide 

synthesis187 and adopted by van Boom and co-workers for the synthesis of a broad range 

of phosphodiester-linked oligomers of carbohydrates,185 was chosen to install the 

phosphodiester bonds. Using this strategy, ribitol phosphoramidite 72 with a levulinoyl 

(Lev) group was devised to couple with ribitol derivative 71 to obtain phosphite triester 

73, which could be further oxidized to yield 74. The temporary protecting Lev group of 

74 was then selectively removed to continue one more cycle followed by full deprotection 
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to get trimer of RboP. Both ribitol derivitives 71 and 72 will be synthesized starting with 

commercial available compound 78. In order to minimize the number of deprotection 

steps, benzyl ether was selected to protect all the other hydroxyls. 

 

3.2.2 Synthesis of D-ribitol 5-phosphate trimer (70) 

 

Scheme 3.2: Synthesis of fragment 70. Conditions: a) LevOH, DMAP, DCC, DCM, 3 h; b) Pd(PPh3)4, 1,3-

dimethylbarbituric acid, MeOH, 40 oC, 24 h; c) diisopropylammonium tetrazolide, DCM, 2 h; d) 1H-

tetrazole, MeCN, 2 h then t-BuOOH, 1 h; e) hydrazine hydrate, pyr, AcOH, DCM, 4 h; f) Pd-C, H2, 

EtOAc/MeOH/H2O, 24 h. 

The primary alcohol of compound 78 was converted into a levulinoyl ester using levulinic 

acid and N,N'-dicyclohexylcarbodiimide (DCC). Next, the allyl group of 79 was removed 

with tetrakis(triphenylphosphine)palladium to afford compound 75. Primary alcohol of 75 

was reacted with phosphine derivative 77188 in the presence of diisopropylammonium 

tetrazolide189 to obtain phosphoramidite 72, confirmed by 31P-NMR (Figure 3.5-A). At 

the same time, coupling of 75 with dibenzyl N,N-diisopropylphosphoramidite 76 

catalyzed by 1H-tetrazole followed by oxidation using tert-butyl hydroperoxide furnished 

ribitol phosphate 80. Cleavage of the temporary Lev protecting group of 80 with 
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hydrazine hydrate resulted in ribitol phosphate 71 (Figure 3.5-B), which was coupled with 

phosphoramidite 72 and then oxidized with tert-butyl hydroperoxide to afford the dimer 

of D-ribitol-5-phosphate 74. After removal of the Lev group, dimer 81 was coupled with 

phosphoramidite 72 using the same conditions as above to obtain trimer 82. Subsequent 

removal of the Lev group and hydrogenolysis of 83 to remove all the benzyl groups 

yielded the WTA fragment 70. 

 

 

 

Figure 3.5: (A) 31P-NMR of phosphoramidite 72 (rotamers: δ = 147.51 ppm, 147.38 ppm); (B) 31P-NMR of 

phosphate triester 71 (δ = -0.68 ppm). 

A 

B 
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3.2.3 Interaction of glycosyltransferase TarP and synthetic WTA fragment‡ 

Synthetic WTA fragment, trimer of RboP 70, and UDP-GlcNAc were incubated with 

glycosyltransferase TarP followed by co-crystallization of the complex to characterize the 

substrate binding domain (Figure 3.6-A). The WTA fragment moiety rests in a pocket 

formed by residues D181, R259, Y152, H263, K255, R262, K132 and A133 (Figure 3.6-

B). 

 

 

                                                            
‡ These experiments were performed by group of Prof. Thilo Stehle, Interfaculty Institute of Biochemistry, 
Universität Tübingen, Germany. 

A 

B 

UDP-GlcNAc

Trimer of RboP
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Figure 3.6: (A) Ternary complex structure of TarP and WTA fragment 70 and UDP-GlcNAc; (B) Interac-

tion of active site residues of TarP with synthetic trimer of RboP. OMIT map of synthetic trimer of RboP 70 

(contoured at 3 σ) is provided (Inset). 

To obtain insight into the catalytic mechanism and access the validity of the observed 

interactions, several of the amino acids that lie in close proximity to the bound WTA 

fragment were mutated and the enzymatic activities of the mutants were analyzed by 

colorimetric assays182 in each case (Table 3.1). Residue Asp-181, which is closer to the 

binding pocket of UDP-GlcNAc, is clearly the most important residue for catalysis, as its 

mutation to alanine essentially renders TarP inactive. 

Table 3.1: Design of TarP mutations and catalytic activity of mutants. 

Protein Activity (% of wildtype) 

TarP 100 

R262A 97.3 

H263A 81.9 

R259A 10.1 

D181A 1.0 

Y152A 44.0 

K255A 99.2 

 

3.3 Conclusion 

A WTA fragment, trimer of RboP 70, was rapidly synthesized through phosphoramidite 

method. This synthetic molecule was then soaked into glycosyltransferase TarP to 

characterize the binding domain. Structure-guided mutagenesis experiments of TarP 

identified critical residues for enzyme activity. 

 

3.4 Experimental section 

5-O-Allyl-2,3,4-tri-O-benzyl-1-O-levulinoyl-D-ribitol (79) 

Mutation 
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To a solution of commercially available 5-O-allyl-2,3,4-tri-O-benzyl-D-ribitol 78 (463 

mg, 1.0 mmol) in dichloromethane (5 mL) was added DMAP (12 mg, 0.1 mmol), 

levulinic acid (0.2 mL, 2.0 mmol) and DCC (310 mg, 1.5 mmol). After stirring for 3 h at 

room temperature, the reaction was filtered and concentrated in vacuo. The residue was 

purified by flash column chromatography using 15% ethyl acetate in hexanes to afford 

compound 79 (549 mg, 0.98 mmol, 98%) as a colorless oil. 

[α]25
D -12.5 (c 5.44, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.17 (m, 15H), 5.88 

(ddt, J = 17.2, 10.9, 5.5 Hz, 1H), 5.25 (ddd, J = 17.2, 3.3, 1.6 Hz, 1H), 5.15 (ddd, J = 

10.4, 2.9, 1.3 Hz, 1H), 4.75 – 4.66 (m, 3H), 4.65 – 4.56 (m, 3H), 4.42 (dd, J = 12.0, 2.7 

Hz, 1H), 4.22 (dd, J = 12.0, 5.8 Hz, 1H), 3.95 (dt, J = 5.5, 1.4 Hz, 2H), 3.92 – 3.80 (m, 

3H), 3.71 – 3.65 (m, 1H), 3.61 (dd, J = 10.5, 5.1 Hz, 1H), 2.67 (t, J = 6.7 Hz, 2H), 2.55 – 

2.47 (m, 2H), 2.14 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.6, 172.7, 138.6, 138.4, 

138.3, 134.9, 128.4, 128.2, 128.1, 128.0, 127.7 (2C), 127.6, 117.0, 78.3, 78.2, 77.3, 73.9, 

72.6, 72.4, 72.3, 69.8, 64.1, 38.0, 30.0, 28.1; HRMS (ESI) calcd for C34H40O7Na 

[M+Na]+ 583.2672; found: 583.2621. 

 

2,3,4-Tri-O-benzyl-1-O-levulinoyl-D-ribitol (75) 

 

Tetrakis(triphenylphosphine)palladium (113 mg, 0.098 mmol) and 1,3-dimethylbarbituric 

acid (612 mg, 3.92 mmol) were added to a solution of compound 79 (549 mg, 0.98 mmol) 

in MeOH (4 mL) at room temperature. The reaction was stirred for 24 h at 40 oC. The 

solvent was removed in vacuo and the residue was dissolved with dichloromethane and 

extracted with saturated aq. NaHCO3 solution. The organic layer was washed with brine, 

dried over Na2SO4, filtered and concentrated. The residue was purified by flash column 
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chromatography with 30% ethyl acetate in hexanes to give 75 (392 mg, 0.75 mmol, 77%) 

as a pale yellow oil. 

[α]25
D -4.16 (c 1.54, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.25 (m, 15H), 4.72 (s, 

2H), 4.69 – 4.59 (m, 4H), 4.46 (dd, J = 11.9, 2.3 Hz, 1H), 4.24 (dd, J = 12.0, 5.6 Hz, 1H), 

3.89 (d, J = 3.9 Hz, 2H), 3.80 – 3.68 (m, 3H), 2.71 (t, J = 6.6 Hz, 2H), 2.55 (t, J = 6.6 Hz, 

2H), 2.17 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.6, 172.7, 138.0 (2C), 137.9, 128.6 

(2C), 128.5, 128.3, 128.2, 128.1, 128.0 (2C), 127.9, 78.7, 78.6, 77.2, 74.1, 72.4, 72.2, 

63.9, 61.3, 38.0, 30.0, 28.0; HRMS (ESI) calcd for C31H36O7Na [M+Na]+ 543.2359; 

found: 543.2340. 

 

Benzyl (2,3,4-tri-O-benzyl-1-O-levulinoyl-5-D-ribityl) N,N-

diisopropylphosphoramidite (72) 

 

Benzyloxy[bis(diisopropylamino)]phosphine 77188 (109 mg, 0.32 mmol) and 

diisopropylammonium tetrazolide189 (41 mg, 0.24 mmol) were added to a solution of 75 

(84 mg, 0.16 mmol) in dichloromethane (3 mL) at room temperature. After stirring for 2 

h, the reaction mixture was poured into saturated aq. NaHCO3 solution. The organic layer 

was washed with brine, dried over Na2SO4, filtered and concentrated. The residue was 

purified by flash column chromatography using 20% ethyl acetate in hexanes (1% 

triethylamine) to afford compound 72 (121 mg, 0.158 mmol, 98%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.61 – 6.93 (m, 20H), 4.83 – 4.49 (m, 8H), 4.40 (d, J = 

11.9 Hz, 1H), 4.28 – 4.15 (m, 1H), 4.06 – 3.74 (m, 5H), 3.66 (m, 2H), 2.71 – 2.60 (m, 

2H), 2.50 (dt, J = 8.4, 4.3 Hz, 2H), 2.13 (s, 3H), 1.20 – 1.15 (m, 12H); 13C NMR (101 

MHz, CDCl3) δ 206.5, 172.6, 138.5 (2C), 138.2, 128.2 (2C), 128.1, 128.0, 127.9, 127.8 

(2C), 127.6, 127.5, 127.4, 127.2, 127.1, 126.9, 126.8, 78.8, 78.7, 78.3, 78.1, 77.3, 73.7, 

72.4, 72.1, 65.3, 65.1, 64.2, 63.0, 62.8, 43.1, 43.0, 37.9, 29.9, 27.9, 24.8, 24.7, 24.6; 31P 

NMR (162 MHz, CDCl3) δ 147.51, 147.38. 
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Dibenzyl (2,3,4-tri-O-benzyl-1-O-levulinoyl-5-D-ribityl) phosphate (80) 

 

Dibenzyl N,N-diisopropylphosphoramidite 76 (0.82 mL, 2.44 mmol) was slowly added to 

a solution of compound 75 (980 mg, 1.87 mmol) in acetonitrile (10 mL) at 0 oC followed 

by the addition of 1H-tetrazole (5.4 mL, 0.45 M in acetonitrile). The reaction was stirred 

for 2 h and tert-butyl hydroperoxide (0.7 mL, 5.5 M in decane) was added. The reaction 

mixture was stirred for additional 1 h. The solvent was removed under vacuum and the 

residue was dissolved in dichloromethane, washed with saturated aq. NaHCO3 solution 

and brine. The organic layer was dried over Na2SO4, filtered and concentrated. The 

residue was purified by flash column chromatography with 30% ethyl acetate in hexanes 

to yield compound 80 (1.25 g, 1.60 mmol, 85%) as a colorless oil. 

[α]25
D -4.01 (c 2.30, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.61 – 6.96 (m, 25H), 4.99 (t, J 

= 8.4 Hz, 4H), 4.70 – 4.51 (m, 6H), 4.42 – 4.30 (m, 2H), 4.24 – 4.14 (m, 2H), 3.89 – 3.82 

(m, 2H), 3.82 – 3.74 (m, 1H), 2.67 (t, J = 6.6 Hz, 2H), 2.51 (t, J = 6.6 Hz, 2H), 2.16 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 206.6, 172.7, 138.1, 137.9, 136.0, 135.9, 128.7, 

128.6 (2C), 128.5 (2C), 128.4, 128.2, 128.1, 128.0 (2C), 127.9 (2C), 127.8 (2C), 77.7, 

77.6, 77.0, 73.8, 72.6, 72.4, 69.3 (d, J = 2.0 Hz), 69.3(d, J = 2.0 Hz), 66.9 (d, J = 6.0 Hz), 

63.8, 38.0, 29.9, 28.0; 31P NMR (162 MHz, CDCl3) δ -0.69; HRMS (ESI) calcd for 

C45H49O10PK [M+K]+ 819.2700; found: 819.2625. 

 

Dibenzyl (2,3,4-tri-O-benzyl-5-D-ribityl) phosphate (71) 

 

To a solution of compound 80 (1.15 g, 1.47 mmol) in dichloromethane (15 mL) was 

added a mixture of pyridine (3.6 mL) and acetic acid (2.4 mL) followed by hydrazine 

hydrate (140 µL, 2.93 mmol) at room temperature. After stirring for 4 h, the reaction was 
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quenched with acetone and diluted with ethyl acetate. The organic layer was washed with 

saturated aq. NaHCO3 solution, brine, dried over Na2SO4, filtered and concentrated. The 

residue was purified by flash column chromatography using 30% ethyl acetate in hexanes 

to afford compound 71 (931 mg, 1.36 mmol, 93%) as a colorless oil. 

[α]25
D -5.91 (c 1.06, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.51 – 7.21 (m, 25H), 5.00 (t, J 

= 7.2 Hz, 4H), 4.69 – 4.60 (m, 3H), 4.59 – 4.50 (m, 3H), 4.38 – 4.29 (m, 1H), 4.25– 4.17 

(m, 1H), 3.88 – 3.81 (m, 2H), 3.73 – 3.63 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 138.0, 

137.9, 137.8, 136.0(d, J = 2.0 Hz, 1C), 135.9 (d, J = 2.0 Hz, 1C), 128.7, 128.6, 128.5 

(3C), 128.4, 128.2, 128.1, 128.0, 127.9 (2C), 127.8, 78.7, 78.3, 77.9 (d, J = 8.0 Hz), 74.1, 

72.5, 72.1, 69.4 (d, J = 4.0 Hz), 69.3 (d, J = 3.0 Hz), 66.9 (d, J = 5.0 Hz), 61.3; 31P NMR 

(162 MHz, CDCl3) δ -0.68; HRMS (ESI) calcd for C40H43O8PNa [M+Na]+ 705.2593; 

found: 705.2572. 

 

D-Ribitol-5-phosphate dimer (74) 

 

1H-Tetrazole (0.8 mL, 0.45 M in MeCN) was added to a solution of compound 71 (79.1 

mg, 0.116 mmol) and compound 72 (114.0 mg, 0.150 mmol) in dichloromethane (5 mL) 

at room temperature. The reaction was stirred for 2 h followed by the addition of an 

excess amount of tert-butyl hydroperoxide (42 µL, 5.5 M in decane). The reaction 

mixture was stirred for addtional 1 h, diluted with dichloromethane, washed with 

saturated aq. NaHCO3 solution twice and brine. The organic layer was dried over Na2SO4, 

filtered and concentrated. The residue was purified by flash column chromatography 

using 25-30% acetone in hexanes to yield compound 74 (135.1 mg, 99.7 µmol, 86%) as a 

colorless oil. 

[α]25
D -5.55 (c 1.67, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.11 – 6.50 (m, 45H), 5.04 – 

4.87 (m, 6H), 4.75 – 4.41 (m, 12H), 4.42 – 4.08 (m, 8H), 3.92 – 3.70 (m, 6H), 2.66 (t, J = 

6.5 Hz, 2H), 2.49 (t, J = 6.5 Hz, 2H), 2.14 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.4, 
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172.5, 138.0, 137.8, 135.8 (2C), 135.7 (2C), 128.5 (2C), 128.4 (3C), 128.3 (2C), 128.1, 

128.0 (2C), 127.9 (4C), 127.8 (5C), 127.7 (3C), 127.6 (2C), 77.7, 77.6, 77.5, 77.0, 76.9, 

73.8, 73.7, 72.5 (3C), 72.4 (2C), 72.2 (2C), 69.2 (3C), 69.1, 69.0, 66.8, 66.7, 66.6, 63.7, 

37.8, 29.8, 27.8; 31P NMR (162 MHz, CDCl3) δ -0.33, -0.58, -0.69; HRMS (ESI) calcd 

for C78H84O17P2K [M+K]+ 1393.4821; found: 1393.4815. 

 

De-levulinated-D-ribitol-5-phosphate dimer (81) 

 

To a solution of compound 74 (302.0 mg, 0.223 mmol) in dichloromethane (4 mL) was 

added a mixture of pyridine (0.54 mL) and acetic acid (0.36 mL) followed by the addition 

of hydrazine hydrate (22 µL, 0.446 mmol) at room temperature. After stirring for 4 h, the 

reaction mixture was quenched with acetone and diluted with ethyl acetate. The organic 

layer was washed with saturated aq. NaHCO3 solution, brine, dried over Na2SO4, filtered 

and concentrated. The residue was purified by flash column chromatography with 30% 

acetone in hexanes to give compound 81 (262.2 mg, 0.209 mmol, 94%) as a colorless oil. 

[α]25
D -8.76 (c 1.09, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.03 – 6.68 (m, 45H), 5.06 – 

4.86 (m, 6H), 4.71 – 4.43 (m, 12H), 4.39 – 4.14 (m, 6H), 3.94 – 3.57 (m, 9H); 13C NMR 

(101 MHz, CDCl3) δ 138.0, 137.9 (2C), 136.0, 135.9, 128.7, 128.6, 128.4, 128.2, 128.1, 

128.0 (2C), 127.9, 127.8 (2C), 78.9, 78.8, 78.4, 77.8, 77.6, 74.1, 73.9, 72.6, 72.5, 72.1, 

69.3, 67.0, 61.2; 31P NMR (162 MHz, CDCl3) δ -0.39, -0.54, -0.72; HRMS (ESI) calcd 

for C73H78O15P2Na [M+Na]+ 1279.4714; found: 1279.4772. 

 

Protected D-ribitol-5-phosphate trimer (82) 
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1H-Tetrazole (0.8 mL, 0.45 M in acetonitrile) was added to a solution of compound 81 

(147.0 mg, 0.117 mmol) and compound 72 (115.0 mg, 0.152 mmol) in dichloromethane 

(5 mL) at room temperature. The reaction was stirred for 2 h followed by the addition of 

an excess amount of tert-butyl hydroperoxide (42 µL, 5.5 M in decane). The reaction was 

stirred for additional 1 h, diluted with dichloromethane, washed twice with saturated aq. 

NaHCO3 solution and brine. The organic layer was dried over Na2SO4, filtered and 

concentrated. The residue was purified by flash column chromatography with 25-30% 

acetone in hexanes to get compound 82 (212.1 mg, 0.110 mmol, 94%) as a colorless oil. 

[α] 25
D -4.67 (c 1.53, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.95 – 6.70 (m, 65H), 5.01 – 

4.82 (m, 8H), 4.66 – 4.36 (m, 18H), 4.36 – 4.09 (m, 12H), 3.83 – 3.71 (m, 9H), 2.64 (t, J 

= 6.5 Hz, 2H), 2.47 (t, J = 6.6 Hz, 2H), 2.13 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

206.4, 172.5, 137.9, 137.8, 135.8, 135.7, 128.5 (3C), 128.4 (3C), 128.3 (2C), 128.0 (3C), 

127.9 (2C), 127.8 (4C), 127.7 (3C), 127.6, 77.7, 77.6, 77.2, 73.7, 72.4, 72.3, 72.2, 69.2, 

69.1 (2C), 66.8, 63.7, 37.8, 29.8, 27.8; 31P NMR (162 MHz, CDCl3) δ -0.33, -0.61, -0.64, 

-0.72; HRMS (ESI) calcd for C111H119O24P3Na [M+Na]+ 1951.7202; found: 1951.7176. 

 

De-levulinated-D-ribitol-phosphate trimer (83) 

 

To a solution of compound 82 (190.2 mg, 98 µmol) in dichloromethane (2 mL) was 

added a mixture of pyridine (0.24 mL) and acetic acid (0.16 mL) followed by the addition 

of hydrazine hydrate (10 µL, 0.197 mmol) at room temperature. After stirring for 2 h, the 

reaction was quenched with acetone and diluted with ethyl acetate. The organic layer was 

washed with saturated aq. NaHCO3 solution, brine, dried over Na2SO4, filtered and 

concentrated. The residue was purified by flash column chromatography using 30% 

acetone in hexanes to afford compound 83 (176.3 mg, 96 µmol, 98%) as a colorless oil. 

[α]25
D -2.46 (c 1.20, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.02 – 6.49 (m, 65H), 5.04 – 

4.81 (m, 8H), 4.68 – 4.06 (m, 29H), 3.86 – 3.53 (m, 11H); 13C NMR (101 MHz, CDCl3) δ 
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138.0, 137.9, 137.8, 136.0, 135.9, 128.7, 128.6 (3C), 128.5 (3C), 128.4, 128.2 (2C), 128.1 

(2C), 128.0 (3C), 127.9 (2C), 127.8 (4C), 78.9, 78.8, 78.3, 77.4, 74.1, 73.9, 72.6, 72.5, 

72.1, 69.3 (4C), 69.2, 67.0, 61.2; 31P NMR (162 MHz, CDCl3) δ -0.33, -0.38, -0.54, -0.64, 

-0.72; HRMS (ESI) calcd for C106H114O22P3 [M+H]+ 1831.7015; found: 1831.6918. 

 

D-Ribitol-5-phosphate trimer (70) 

 

Excess amount of 10 % Pd-C was added to a solution of compound 83 (145 mg, 79 µmol) 

in a mixture of EtOAc/MeOH/H2O (5/2/1, 5.6 mL). The reaction was stirred for 36 h 

under hydrogen atmosphere at room temperature. The mixture was filtered to yield 

compound 70 (51.9 mg, 79 µmol, quant.) as a colorless oil. 

[α]25
D +6.27 (c 3.82, H2O); 1H NMR (400 MHz, D2O) δ 4.27 – 4.11 (m, 1H), 3.96 – 3.67 

(m, 10H), 3.66 – 3.48 (m, 7H), 3.48 – 3.37 (m, 3H) ; 13C NMR (101 MHz, D2O) δ 77.6, 

72.0, 71.9, 71.8, 71.4, 71.3, 70.8, 70.7, 70.6, 70.5, 70.4, 66.7, 62.2, 62.1, 60.4; 31P NMR 

(162 MHz, D2O) δ 0.85, 0.23, -0.65; HRMS (ESI) calcd for C15H35O22P3Na [M+Na]+ 

683.0731; found: 683.0733. 
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Chapter 4 

1,3-Dibromo-5,5-dimethylhydantoin as promoter for 

glycosylations using thioglycosides§ 

 

4.1 Introduction 

4.1.1 Thioglycosides and promoters 

Thioglycosides are versatile glycosyl donors that are commonly used in oligosaccharide 

assembly due to their accessibility, stability, compatibility with various reaction 

conditions, and orthogonality to other donors.63, 70-73 Different electrophilic/thiophilic 

reagents have been developed as promoters to activate thioglycoside donors (Table 

4.1).58, 72, 190-201 

Table 4.1: Current promoters for thioglycosides. 

Promoters for Thioglycosides 

Heavy metal-based promotors Hg(OAc)
2
,63 HgCl2,

202 PhHgOTf203 

Alkylating promoters MeOTf,204 MeI205 

Sulfonium-based promoters DMTST,206 MeSOTf,207 Me2S2/Tf2O,196 MeSBr, PhSOTf208 

Halonium-based promoters NBS,191 IDCP,209 IDCTf,210 NIS/TfOH,190 ICl or IBr/AgOTf193 

Novel promoters Single electron transfer with Ru or Ir catalysts198 

However, most of these activators are expensive and toxic.63, 200, 211 Poor solubility 

complicates the use of some promoters during automated glycan assembly,94, 153, 212, 213 

while the instability of some activators in solution requires them to be freshly prepared 

prior to use.214-216 

                                                            
§ Xu, F.-F.; Pereira, C. L.; Seeberger, P. H. Beilstein J. Org. Chem. 2017, 13, 1994–1998. 
doi:10.3762/bjoc.13.195 
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4.1.2 1,3-Dibromo-5,5-dimethylhydantoin (DBDMH) 

DBDMH, a white to pale-brown powder, is readily soluble in most organic solvents, in-

cluding dichloromethane. It can be easily prepared by the reaction of 5,5-

dimethylhydantoin 85 with bromine in the presence of sodium hydroxide, while 5,5-

dimethylhydantoin could be obtained through Bucherer-Bergs reaction, starting from 

acetone, potassium cyanide and ammonium carbonate (Scheme 4.1).217 

 

Scheme 4.1: Preparation of 1,3-dibromo-5,5-dimethylhydantoin 86. 

DBDMH is sold under the trade name Brom-55 and used as swimming pool sanitizer, as 

industrial brominating agent for ethylene propylene diene monomer rubber to improve 

ozone resistance, as additive in plastics to promote photodegradation and as a fungicide to 

preserve fresh fruits.218 

In synthetic chemistry, DBDMH acts as a thiophilic activator in the conversion of 

dithioacetals to the corresponding O,O-acetals (Scheme 4.2),219-221 as well as in the 

synthesis of heparin mimetics.222 

 

Scheme 4.2: Conversion of dithioacetal 87 to O,O-acetal 88 in the presence of DBDMH. 
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Herein, DBDMH was considered as a readily available promoter for glycosylations in-

volving thioglycosides due to its advantages in price, solubility and stability. 

 

4.2 Results and discussion 

4.2.1 Optimization of glycosylation conditions 

Initially, the capability of DBDMH to activate thioglycoside 35149 in order to glycosylate 

the primary hydroxyl present in D-glucose acceptor 89223 was explored without any 

additives (Table 4.2, entry 1). This initial experiment furnished disaccharide 90, albeit in 

modest yield (43%). When TfOH or TMSOTf (10 mol%) were added as co-promoter, the 

yield increased to more than 90% (Table 4.2, entries 2 and 3). Next, the amount of the 

reagent required for activation was studied (Table 4.2, entries 3-5). Substoichiometric 

amounts of DBDMH (0.7 equiv) in the presence of co-promoter suffice to produce 

disaccharide efficiently. The DBDMH/TfOH activation system is temperature insensitive 

as it furnishes product from -78 oC to room temperature, although most disaccharide 90 is 

formed at -40 oC (Table 4.2, entries 3, 6-9). 

Table 4.2: Optimization of glycosylation conditions using DBDMH as promoter. 

O

OBz
SEtFmocO

OBnBnO

35

O

BnO

HO
BnO

BnO
OMe

89

+

O
O

BnO

BnO
BnO

OMe

O

BzO
HO

OBnBnO

90  

Entrya DBDMH (equivb) Co-promoter (10 mol%b) T (oC) Yieldc (%) 

1 0.7  -40 43 

2 0.7 TMSOTf -40 93 

3 0.7 TfOH -40 92 

4 0.5 TfOH -40 85 

5 1.0 TfOH -40 94 

6 0.7 TfOH -78 83 

7 0.7 TfOH -20 87 
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8 0.7 TfOH 0 88 

9 0.7 TfOH r.t 79 

aReaction conditions: donor (51 µmol), acceptor (43 µmol), dichloromethane; quenched with triethylamine. 

Fmoc protecting group was cleaved during the quenching process in the presence of triethylamine. 
bEquivalents calculated relative to the amount of donor. cOnly isolated yields are reported. 

 

4.2.2 1,2-Trans glycosylation 

The scope of the new activation system was investigated by using a variety of glycosyl 

donors 30, 32, 35, 37 and 91-94147, 148, 224-226 containing C-2 participating groups to ensure 

1,2-trans glycoside formation (Table 4.3). Each glycosylating agent was reacted with D-

glucose acceptors 89 (Table 4.3, entries 1-8) and 95227 (Table 4.3, entries 9-16) with free 

hydroxyl group at C-6 and C-4 position, respectively. The DBDMH/TfOH system 

activates glycosyl donors including monosaccharides of different configurations (D-gluco 

32 and 91, D-galacto 35 and 37, D-manno 92, L-rhamno 93), amino sugar 30 and uronic 

acid 94. All thioglycosides reacted equally well, irrespective of their aglycons (SEt or 

STol). This promoter is compatible with most commonly used protecting groups, except 

some electron-rich groups like 4-methoxybenzyl ethers that may be partly brominated 

under these conditions.228 

 

Table 4.3: 1,2-Trans glycosylation activated by DBDMH with a variety of substrates. 
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Entrya Donor Acceptor Yieldb (%) Entrya Donor Acceptor Yieldb (%) 

1 30 89 91 9 30 95 60 

2 32 89 98 10 32 95 87 

3 35 89 92 11 35 95 88 

4 37 89 95 12 37 95 88 

5 91 89 94 13 91 95 89 

6 92 89 96 14 92 95 89 

7 93 89 91 15 93 95 86 

8 94 89 39 16 94 95 45 

aAll reactions were carried out at -40 oC in dichloromethane with 0.7 equiv DBDMH and 10 mol% TfOH as 

promoter. bOnly isolated yields are reported. 

 

4.2.3 1,2-Cis glycosylation 

To probe the scope of DBDMH/TfOH-mediated 1,2-cis glycosylation, perbenzylated 

galactosyl donor 96229 (Table 4.4, entries 1-4) and galactosyl donor 9777 (Table 4.4, 

entries 5 and 6) as well as glucosyl donor 98 (Table 4.4, entries 7 and 8) were reacted 

with acceptor 89 in the presence of DBDMH. Electron-rich (‘armed’) thioglycosides209 

are more readily activated as the reaction of perbenzylated donor 96 in dichloromethane 

at -78 oC afforded disaccharide with excellent yield but low stereoselectivity. The α/β 

ratio, determined by supercritical fluid chromatography (SFC), shifted significantly 

toward the α isomer with ether85 and toward the β isomer when acetonitrile230 was used as 

co-solvent (Figure 4.1). With all these donors, the α-stereoselectivity increased at higher 

temperature (Figure 4.2).231 Galactosyl donor 97, containing a remote participating group 

at C-4 position, produced disaccharide with better α-selectivity.77, 212 

Table 4.4: 1,2-Cis glycosylation activated by DBDMH. 
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Entrya Donor Acceptor Solvent T (oC) Yieldb (%) α/β ratioc 

1 96 89 DCM/Et2O
d -78 94 1:1.4 

2 96 89 DCM -78 94 1:2.7 

3 96 89 DCM/MeCNd -78 93 1:11.7 

4 96 89 DCM -40 67 1:1.3 

5 97 89 DCM -78 72 4.6:1 

6 97 89 DCM -40 50 11.8:1 

7 98 89 DCM -78 76 1:1.1 

8 98 89 DCM -40 69 1:1 

aAll reactions were carried out with 0.7 equiv DBDMH and 10 mol% TfOH as promoter. bOnly isolated 

yields are reported. cSFC was used to determine α/β ratio. dThe ratio of solvents is 2:1 (v/v). 

 

 

 

 

 

 

 

DCM/Et2O 
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Figure 4.1: Analytical SFC to determine α/β ratio to illustrate solvent effects in glycosylations (Table 4.4, 

entries 1-3). Silica-2EP analytical column was used when using SFC. Iso-propanol was used for the mobile 

phase. 

 

 

DCM 

DCM/MeCN 

A 
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Figure 4.2: Analytical SFC to determine α/β ratio to illustrate temperature effect in glycosylations: (A) 

Table 4.4, entries 2 and 4; (B) Table 4.4, entries 5 and 6; (C) Table 4.4, entries 7 and 8. 

 

4.2.4 Automated glycan assembly using DBDMH 

Automated glycan assembly (AGA) is the most rapid means to access complex 

oligosaccharides.94, 232 N-iodosuccinimide (NIS), together with TfOH, are currently used 

as the activation system for thioglycosides on such instruments. But the synthesizer could 

get clogged due to the low solubility of NIS in dichloromethane. To avoid this issue, 

dioxane has been used as co-solvent, which, however, could make stereoselectivity 

problematic. 

To assess the suitability of highly soluble DBDMH as promoter in AGA, disaccharide 99 

was synthesized in the presence of co-promoter TMSOTf using functionalized resin 2196 

as solid support (Scheme 4.3). After two coupling cycles with building block 92, the 

disaccharide was cleaved from the solid support using a continuous-flow photoreactor as 

described previously.96 The analytical HPLC of the crude (Figure 4.3) showed a single 

peak. After purification, disaccharide 99 was obtained in 63% yield. 

B 

C 
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Scheme 4.3: DBDMH as promotor in AGA. Modules: (a) acidic wash; (b) glycosylation using 

DBDMH/TMSOTf, 92; (c) Fmoc deprotection. 

 

 

Figure 4.3: Analytical HPLC of the crude disaccharide 99 after UV-cleavage. Column: YMC-Diol-300-NP 

5µm (150×4.60 mm); mobile phase: ethyl acetate and hexanes. 

 

4.2.5 Hydrolysis of glycosyl selenide with DBDMH 

Moreover, DBDMH performs as well as NIS in activating phenyl selenoglycoside 100 in 

the presence of water to furnish hemi-acetal 101 en route to glycosyl imidate 102 

(Scheme 4.4). 

O
NAPO
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O
NAPO
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O
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CF3
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Scheme 4.4: Hydrolysis of glycosyl selenide 100 with DBDMH. 
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4.3 Conclusion 

The inexpensive reagent DBDMH has been demonstrated to be a powerful promoter for 

activation of thioglycosides both in solution and in automated glycan assembly on solid 

phase. A variety of substrates containing diverse protecting groups have been investigated 

with promising results, while the stereoselectivity of the reactions follows reported trends. 

Compared with NIS, which is a common method for thioglycoside activation, this pro-

moter is readily available, highly soluble, and shelf-stable. 

 

4.4 Experimental section 

4.4.1 Preparation of building blocks 

Ethyl 3-O-benzyl-6-O-levulinoyl-4-O-(9-fluorenylmethoxycarbonyl)-2-N-

trichloroacetyl-1-thio-β-D-glucosaminopyranoside (30) 

 

1H NMR (400 MHz, CDCl3) δ 7.68 (dd, J = 7.5, 3.7 Hz, 2H), 7.63 – 7.41 (m, 2H), 7.36 – 

7.26 (m, 2H), 7.24 – 7.19 (m, 2H), 7.15 – 7.05 (m, 5H), 6.86 (d, J = 7.7 Hz, 1H), 4.98 (d, 

J = 10.3 Hz, 1H), 4.84 (dd, J = 9.9, 9.0 Hz, 1H), 4.54 (s, 2H), 4.42 (dd, J = 10.5, 6.8 Hz, 

1H), 4.31 – 4.09 (m, 5H), 3.69 (ddd, J = 10.0, 5.2, 2.8 Hz, 1H), 3.56 (td, J = 10.1, 7.9 Hz, 

1H), 2.73 – 2.58 (m, 4H), 2.56 – 2.49 (m, 2H), 2.09 (s, 3H), 1.28 – 1.12 (m, 3H). 

NMR data was in accordance with previously reported values.147 

Ethyl 2,3-di-O-benzoyl-4,6-O-benzylidene-1-thio-β-D-galactopyranoside (37) 
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1H NMR (600 MHz, CDCl3) δ 8.02 – 7.93 (m, 4H), 7.56 – 7.46 (m, 4H), 7.42 – 7.33 (m, 

7H), 5.96 (t, J = 9.9 Hz, 1H), 5.54 (s, 1H), 5.40 (dd, J = 10.0, 3.5 Hz, 1H), 4.74 (d, J = 9.9 

Hz, 1H), 4.63 (dd, J = 3.6, 1.0 Hz, 1H), 4.42 (dd, J = 12.4, 1.6 Hz, 1H), 4.10 (dd, J = 

12.4, 1.7 Hz, 1H), 3.73 (s, 1H), 2.95 (dq, J = 12.2, 7.4 Hz, 1H), 2.81 (dq, J = 12.2, 7.5 Hz, 

1H), 1.31 (t, J = 7.5 Hz, 3H). 

NMR data was in accordance with previously reported values.224 

 

Methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside (89) 

 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.26 (m, 15H), 4.99 (d, J = 10.9 Hz, 1H), 4.89 (d, J 

= 11.0 Hz, 1H), 4.86 – 4.78 (m, 2H), 4.68 – 4.63 (m, 2H), 4.56 (d, J = 3.5 Hz, 1H), 4.01 

(t, J = 9.2 Hz, 1H), 3.77 (dd, J = 11.7, 2.6 Hz, 1H), 3.72 – 3.61 (m, 2H), 3.56 – 3.46 (m, 

2H), 3.37 (s, 3H). 

NMR data was in accordance with previously reported values.223 

Ethyl 3,4,6-tri-O-benzyl-2-O-levulinoyl-1-thio-β-D-glucopyranoside (91) 

 

To a solution of ethyl 3,4,6-tri-O-benzyl-1-thio-β-D-glucopyranoside233 103 (184 mg, 

0.37 mmol) in dichloromethane (4 mL) was added levulinic acid (75 µL, 0.74 mmol) fol-

lowed by DMAP (45 mg, 0.37 mmol) and N,N'-Dicyclohexylcarbodiimide (DCC, 153 

mg, 0.74 mmol). The reaction mixture was stirred for 4 h at room temperature. The reac-

tion was then diluted with dichloromethane and washed with saturated aq. NaHCO3 solu-

tion. The organic layer was dried over Na2SO4, filtered and concentrated. The residue was 

purified by flash column chromatography to afford 91 (191 mg, 0.32 mmol, 87%) as a 

white solid. 
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[α]25
D -5.88 (c 1.97, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.29 (m, 13H), 7.20 (dd, 

J = 7.2, 2.4 Hz, 2H), 5.11 – 5.01 (m, 1H), 4.82 (d, J = 10.9 Hz, 2H), 4.76 (d, J = 11.4 Hz, 

1H), 4.63 (d, J = 12.1 Hz, 1H), 4.61 – 4.55 (m, 2H), 4.39 (d, J = 10.0 Hz, 1H), 3.82 – 3.68 

(m, 4H), 3.53 (ddd, J = 7.7, 4.4, 2.2 Hz, 1H), 2.82 – 2.63 (m, 4H), 2.62 – 2.47 (m, 2H), 

2.19 (s, 3H), 1.29 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 206.3, 171.7, 138.3, 

138.2, 138.0, 128.5 (3C), 128.1, 128.0 (2C), 127.8, 127.7, 84.4, 83.5, 79.5, 77.9, 75.3, 

75.2, 73.5, 72.2, 68.9, 38.0, 30.0, 28.2, 24.0, 15.1; HRMS (ESI) calcd for C34H40O7SNa 

[M+Na]+ 615.2387; found: 615.2401. 

 

Ethyl 2-O-benzoyl-3,4-di-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-1-thio-α-D-

mannopyranoside (92) 

 

To a solution of ethyl 2-O-benzoyl-3-O-benzyl-4,6-O-benzylidene-1-thio-α-D-

mannopyranoside 104234 (592 mg, 1.17 mmol) in dichloromethane (5 mL) was added 1M 

solution of BH3-THF (5.8 mL, 5.85 mmol) followed by trimethylsilyl trifluoro-

methanesulfonate (TMSOTf, 32 µL, 0.17 mmol). The reaction mixture was stirred for 2 h 

at room temperature. Triethylamine was then added to quench the reaction followed by 

addition of MeOH. The reaction mixture was concentrated and purified by flash column 

chromatography to give ethyl 2-O-benzoyl-3,4-di-O-benzyl-1-thio-α-D-mannopyranoside 

105 (470 mg, 0.92 mmol, 79%) as a colorless oil. 

9-Fluorenylmethyl chloroformate (446 mg, 1.72 mmol) and pyridine (0.28 mL, 3.44 

mmol) were added to a solution of 105 (437 mg, 0.86 mmol) in dichloromethane (5 mL). 

The reaction mixture was stirred overnight at room temperature, diluted with dichloro-

methane and quenched with 1M aq. HCl solution. The organic layer was extracted, dried 

over Na2SO4, filtered and concentrated. The residue was purified by flash column chro-

matography to afford 92 (570 mg, 0.78 mmol, 91%) as a white foam. 
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[α]25
D +41.97 (c 1.16, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.16 (dt, J = 8.2, 1.1 Hz, 2H), 

7.80 (dd, J = 7.6, 1.1 Hz, 2H), 7.70 – 7.61 (m, 2H), 7.60 – 7.53 (m, 1H), 7.49 – 7.40 (m, 

4H), 7.38 – 7.29 (m, 12H), 5.75 (dd, J = 3.0, 1.6 Hz, 1H), 5.46 (d, J = 1.6 Hz, 1H), 4.96 

(d, J = 10.9 Hz, 1H), 4.82 (d, J = 11.2 Hz, 1H), 4.65 (d, J = 10.9 Hz, 1H), 4.60 (d, J = 

11.2 Hz, 1H), 4.56 – 4.47 (m, 2H), 4.45 – 4.40 (m, 2H), 4.40 – 4.33 (m, 1H), 4.29 (t, J = 

7.5 Hz, 1H), 4.09 (dd, J = 9.1, 2.9 Hz, 1H), 4.02 (t, J = 7.5 Hz, 1H), 2.80 – 2.59 (m, 2H), 

1.33 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 165.7, 155.3, 143.6, 143.4, 

141.4, 138.0, 137.6, 133.4, 130.1, 129.9, 128.6 (2C), 128.5, 128.3, 128.0 (3C), 127.3, 

125.4, 125.3, 120.2, 82.7, 78.8, 75.4, 74.1, 71.7, 70.7, 70.3, 70.1, 66.9, 46.9, 25.8, 15.1.; 

HRMS (ESI) calcd for C44H42O8SNa [M+Na]+ 753.2493; found: 753.2503. 

 

p-Tolyl 2-O-benzoyl-4-O-benzyl-3-O-(9-fluorenylmethoxycarbonyl)-1-thio-α-L-

rhamnopyranoside (93) 

O

S

OBzFmocO
BnOO

S

OBzHO
BnO

Fmoc-Cl, Pyr

DCM, 93%

106 93  

9-Fluorenylmethyl chloroformate (559 mg, 2.16 mmol) and pyridine (0.23 mL, 2.88 

mmol) were added to a solution of p-tolyl 2-O-benzoyl-4-O-benzyl-1-thio-α-L-

rhamnopyranoside 106235 (669 mg, 1.44 mmol) in dichloromethane (6 mL). The reaction 

mixture was stirred overnight at room temperature. The reaction was then diluted with 

dichloromethane and quenched with 1M aq. HCl solution. The organic layer was extract-

ed, dried over Na2SO4, filtered and concentrated. The residue was purified by flash col-

umn chromatography to afford 93 (932 mg, 1.34 mmol, 93%) as a white foam. 

[α]25
D -46.86 (c 0.93, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.17 – 7.98 (m, 2H), 7.74 

(ddd, J = 7.7, 2.3, 1.1 Hz, 2H), 7.67 – 7.60 (m, 1H), 7.55 (ddd, J = 7.6, 2.1, 1.0 Hz, 2H), 

7.49 (t, J = 7.8 Hz, 2H), 7.42 – 7.30 (m, 9H), 7.23 (td, J = 7.5, 1.1 Hz, 1H), 7.19 – 7.11 

(m, 3H), 5.89 (dd, J = 3.2, 1.7 Hz, 1H), 5.49 (d, J = 1.6 Hz, 1H), 5.29 (dd, J = 9.7, 3.2 Hz, 

1H), 4.88 (d, J = 11.1 Hz, 1H), 4.71 (d, J = 11.1 Hz, 1H), 4.61 – 4.51 (m, 1H), 4.42 (dq, J 

= 9.4, 6.2 Hz, 1H), 4.33 – 4.24 (m, 2H), 3.76 (t, J = 9.5 Hz, 1H), 2.33 (s, 3H), 1.43 (d, J = 
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6.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 165.6, 154.3, 143.7, 143.2, 141.4, 141.3, 

138.3, 137.9, 133.6, 132.7, 130.1 (2C), 129.7 (2C), 128.6 (2C), 128.1, 128.0 (2C), 127.9, 

127.3, 127.2, 125.5, 125.2, 120.1 (2C), 86.2, 78.8, 76.8, 75.4, 72.1, 70.4, 69.1, 46.8, 21.3, 

18.1; HRMS (ESI) calcd for C42H38O7SNa [M+Na]+ 709.2230; found: 709.2238. 

 

Benzyl (ethyl 3,4-di-O-benzyl-2-O-levulinoyl-1-thio-β-D-glucopyranosid)uronate (94) 

 

1H NMR (400 MHz, CDCl3) δ 7.52 – 7.17 (m, 13H), 7.16 – 7.00 (m, 2H), 5.16 (s, 2H), 

5.05 (t, J = 9.5 Hz, 1H), 4.76 (d, J = 11.4 Hz, 1H), 4.73 – 4.63 (m, 2H), 4.45 (d, J = 10.7 

Hz, 1H), 4.40 (d, J = 10.0 Hz, 1H), 3.95 (d, J = 9.7 Hz, 1H), 3.89 (t, J = 9.2 Hz, 1H), 3.68 

(t, J = 8.9 Hz, 1H), 2.80 – 2.57 (m, 4H), 2.57 – 2.39 (m, 2H), 2.15 (s, 3H), 1.22 (t, J = 7.4 

Hz, 3H). 

NMR data was in accordance with previously reported values.226 

 

Methyl 2,3,6-tri-O-benzyl-α-D-glucopyranoside (95) 

 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.26 (m, 15H), 5.01 (d, J = 11.4 Hz, 1H), 4.78 (d, J 

= 12.1 Hz, 1H), 4.74 (d, J = 11.4 Hz, 1H), 4.66 (d, J = 12.1 Hz, 1H), 4.63 (d, J = 3.5 Hz, 

1H), 4.59 (d, J = 12.2 Hz, 1H), 4.54 (d, J = 12.2 Hz, 1H), 3.79 (t, J = 9.1 Hz, 1H), 3.74 – 

3.66 (m, 3H), 3.61 (t, J = 9.1 Hz, 1H), 3.54 (dd, J = 9.5, 3.5 Hz, 1H), 3.39 (s, 3H). 

NMR data was in accordance with previously reported values.227 
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4.4.2 General glycosylation procedure 

 

Both donor (51 µmol) and acceptor (43 µmol) were co-evaporated three times with anhy-

drous toluene and kept under high vacuum for 1 h. The mixture was dissolved in the indi-

cated solvent (3 mL) followed by the addition of activated molecular sieves (AW-300). 

The solution was stirred for 10 min at room temperature and cooled down to the indicated 

temperature. DBDMH (37 µmol) and TfOH (0.522 µmol) were added and the mixture 

was stirred for one hour. Then the reaction was quenched with Et3N, diluted with di-

chloromethane and extracted with 10% aq. Na2S2O3 solution. The aqueous phase was 

washed with dichloromethane twice and the combined organic layer was dried over 

Na2SO4, filtered and concentrated. The residue was purified by flash column chromatog-

raphy to obtain pure disaccharide. 

 

4.4.3 1,2-Trans glycosylation 

Table 4.5: 1,2-Trans glycosylation activated by DBDMH with a variety of building blocks 

Entry Donor Acceptor Producta Solvents for flash column chromatography Yield (%) 

1 30 89 107 50% ethyl acetate in hexanes 91 

2 32 89 108 5% acetone in toluene 98 

3 35 89 90 20-25% ethyl acetate in hexanes 92 

4 37 89 109 30% ethyl acetate in hexanes 95 

5 91 89 110 25% ethyl acetate in hexanes 94 

6 92 89 111 25% ethyl acetate in hexanes 96 

7 93 89 112 20% ethyl acetate in hexanes 91 

8 94 89 113 4% acetone in toluene 39 

9 30 95 114 20% acetone in toluene 60 

10 32 95 115 25% ethyl acetate in hexanes 87 

11 35 95 116 25% ethyl acetate in hexanes 88 

12 37 95 117 28% ethyl acetate in hexanes 88 
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13 91 95 118 30% ethyl acetate in hexanes 89 

14 92 95 119 25% ethyl acetate in hexanes 89 

15 93 95 120 20% ethyl acetate in hexanes 86 

16 94 95 121 30% ethyl acetate in hexanes 45 

aFmoc protecting group was cleaved during the quenching process in the presence of triethylamine. 

 

Methyl 2-O-benzoyl-4,6-di-O-benzyl-β-D-galactopyranosyl-(1→6)-2,3,4-tri-O-benzyl-

α-D-glucopyranoside (90) 

 

[α]25
D +7.95 (c 1.63, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 8.2, 1.1 Hz, 2H), 

7.54 – 7.45 (m, 1H), 7.41 – 7.24 (m, 25H), 7.19 – 7.09 (m, 2H), 5.34 (dd, J = 10.0, 8.0 

Hz, 1H), 4.92 (d, J = 10.9 Hz, 1H), 4.78 – 4.68 (m, 4H), 4.62 – 4.50 (m, 5H), 4.48 – 4.42 

(m, 2H), 4.13 (d, J = 9.1 Hz, 1H), 3.97 (d, J = 3.5 Hz, 1H), 3.91 (t, J = 9.3 Hz, 1H), 3.83 

– 3.64 (m, 6H), 3.48 – 3.34 (m, 2H), 3.19 (s, 3H), 2.44 (d, J = 10.0 Hz, 1H); 13C NMR 

(101 MHz, CDCl3) δ 166.7, 139.0, 138.4, 138.3, 138.2, 137.8, 133.2, 129.9 (2C), 128.7, 

128.6, 128.5, 128.4 (2C), 128.2, 128.1 (2C), 128.0 (3C), 127.7 (2C), 127.6, 101.4 (1JC-H = 

168 Hz), 97.9 (1JC-H = 172 Hz), 82.1, 80.0, 77.7, 75.7, 74.8, 74.0, 73.7 (2C), 73.5, 73.4, 

69.7, 68.3, 68.1, 55.1; HRMS (ESI) calcd for C55H58O12Na [M+Na]+ 933.3826; found: 

933.3779. 

 

Methyl 3-O-benzyl-6-O-levulinoyl-2-N-trichloroacetyl-β-D-glucosaminopyranosyl-(1

→6)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (107) 
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[α]25
D -0.32 (c 1.85, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.34 – 7.12 (m, 20H), 6.84 (d, 

J = 7.6 Hz, 1H), 4.90 (d, J = 11.1 Hz, 1H), 4.79 (d, J = 11.1 Hz, 1H), 4.75 – 4.64 (m, 5H), 

4.56 (d, J = 12.2 Hz, 1H), 4.52 – 4.42 (m, 3H), 4.13 (dd, J = 12.2, 2.1 Hz, 1H), 4.01 – 

3.84 (m, 3H), 3.69 – 3.62 (m, 1H), 3.58 (dd, J = 10.9, 4.1 Hz, 1H), 3.54 – 3.32 (m, 5H), 

3.28 (s, 3H), 2.91 (d, J = 4.2 Hz, 1H), 2.66 (t, J = 6.4 Hz, 2H), 2.49 (t, J = 6.4 Hz, 2H), 

2.09 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.9, 173.6, 161.9, 139.0, 138.5, 138.2, 

138.1, 128.7, 128.6, 128.5, 128.4, 128.2 (3C), 128.0, 127.9, 127.8 (2C), 127.6, 99.6 (1JC-H 

= 168 Hz), 98.1 (1JC-H = 172 Hz), 92.6, 82.1, 79.7, 79.1, 77.6, 75.6, 75.0, 74.9, 74.1, 73.4, 

71.1, 69.6, 67.9, 63.2, 58.4, 55.4, 38.1, 29.9, 28.0; HRMS (ESI) calcd for 

C48H54Cl3NO13Na [M+Na]+ 980.2558; found: 980.2511. 

 

Methyl 2,3-di-O-benzoyl-6-O-benzyl-β-D-glucopyranosyl-(1→6)-2,3,4-tri-O-benzyl-

α-D-glucopyranoside (108) 

 

[α]25
D +37.6 (c 1.93, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J = 8.3, 1.2 Hz, 2H), 

7.79 (dd, J = 8.3, 1.2 Hz, 2H), 7.48 – 7.37 (m, 1H), 7.28 – 7.07 (m, 23H), 7.01 – 6.91 (m, 

2H), 5.47 – 5.34 (m, 2H), 4.81 (d, J = 10.9 Hz, 1H), 4.69 – 4.56 (m, 3H), 4.56 – 4.47 (m, 

3H), 4.43 – 4.35 (m, 2H), 4.19 (d, J = 11.1 Hz, 1H), 4.05 (d, J = 8.8 Hz, 1H), 3.86 (t, J = 

9.0 Hz, 1H), 3.83 – 3.75 (m, 3H), 3.67 – 3.56 (m, 3H), 3.35 (dd, J = 9.7, 3.5 Hz, 1H), 

3.32 – 3.27 (m, 1H), 3.13 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 167.2, 165.2, 138.9, 

138.3, 137.7, 133.5, 133.2, 130.1, 129.8, 129.4, 129.1, 128.6 (2C), 128.5, 128.4 (2C), 

128.2 (2C), 128.1, 128.0, 127.9, 127.7, 127.6, 101.2 (1JC-H = 164 Hz), 98.1 (1JC-H = 172 

Hz), 82.0, 79.8, 77.5, 76.6, 75.7, 74.8, 74.6, 73.9, 73.5, 71.5 (2C), 70.4, 69.6, 68.3, 55.1; 

HRMS (ESI) calcd for C55H56O13Na [M+Na]+ 947.3619; found: 947.3572. 

 

Methyl 2,3-di-O-benzoyl-4,6-O-benzylidene-β-D-galactopyranosyl-(1→6)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (109) 
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109  

[α]25
D +94.2 (c 1.15, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.95 – 7.80 (m, 4H), 7.46 – 

7.07 (m, 26H), 5.83 (dd, J = 10.4, 8.0 Hz, 1H), 5.46 (s, 1H), 5.26 (dd, J = 10.4, 3.6 Hz, 

1H), 4.82 (d, J = 10.9 Hz, 1H), 4.68 – 4.58 (m, 3H), 4.56 – 4.45 (m, 3H), 4.39 – 4.23 (m, 

3H), 4.12 (d, J = 9.1 Hz, 1H), 4.06 – 3.98 (m, 1H), 3.82 (t, J = 9.2 Hz, 1H), 3.71 – 3.59 

(m, 2H), 3.52 (s, 1H), 3.34 – 3.22 (m, 2H), 3.10 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

166.4, 165.2, 139.0, 138.4, 138.3, 137.6, 133.5, 133.1, 130.1, 129.8 (2C), 129.2, 129.0, 

128.5 (2C), 128.4 (2C), 128.2 (2C), 128.0 (2C), 127.8, 127.7, 127.6, 126.4, 101.8(1JC-H = 

156 Hz), 100.9, 97.8 (1JC-H = 168 Hz), 82.1, 80.0, 77.8, 75.6, 74.8, 73.7, 73.4, 72.9, 69.8, 

69.2, 69.0, 68.2, 66.7, 55.1; HRMS (ESI) calcd for C55H54O13Na [M+Na]+ 945.3462; 

found: 945.3466. 

 

Methyl 3,4,6-tri-O-benzyl-2-O-levulinoyl-β-D-glucopyranosyl-(1→6)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (110) 

 

[α]25
D +13.1 (c 2.02, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.17 (m, 28H), 7.09 

(dd, J = 7.1, 2.5 Hz, 2H), 4.97 (td, J = 7.9, 2.3 Hz, 1H), 4.89 (d, J = 10.9 Hz, 1H), 4.76 (d, 

J = 10.9 Hz, 1H), 4.74 – 4.66 (m, 4H), 4.62 (d, J = 11.4 Hz, 1H), 4.58 (d, J = 12.1 Hz, 

1H), 4.53 – 4.41 (m, 5H), 4.32 (d, J = 8.0 Hz, 1H), 4.00 (dd, J = 10.7, 1.6 Hz, 1H), 3.89 

(t, J = 9.3 Hz, 1H), 3.73 – 3.64 (m, 1H), 3.64 – 3.53 (m, 5H), 3.45 (dd, J = 9.6, 3.5 Hz, 

1H), 3.43 – 3.33 (m, 2H), 3.27 (s, 3H), 2.59 – 2.50 (m, 1H), 2.49 – 2.38 (m, 1H), 2.34 (td, 

J = 6.8, 3.3 Hz, 2H), 1.96 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.1, 171.4, 138.9, 

138.4, 138.3, 138.2, 138.0, 128.6, 128.5, 128.5, 128.2, 128.1 (2C), 128.0 (2C), 127.9, 

127.8 (2C), 127.7, 101.0 (1JC-H = 156 Hz), 98.1 (1JC-H = 168 Hz), 83.1, 82.1, 80.0, 78.1, 
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77.9, 75.8, 75.5, 75.1, 74.9, 73.6, 73.5 (2C), 69.9, 68.9, 68.1, 55.2, 37.9, 29.9, 28.1; 

HRMS (ESI) calcd for C60H66O13Na [M+Na]+ 1017.4401; found: 1017.4335. 

 

Methyl 2-O-benzoyl-3,4-di-O-benzyl-α-D-mannopyranosyl-(1→6)-2,3,4-tri-O-benzyl-

α-D-glucopyranoside (111) 

 

[α]25
D +21.3 (c 1.77, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.11 – 8.02 (m, 2H), 7.63 – 

7.54 (m, 1H), 7.46 (t, J = 7.7 Hz, 2H), 7.40 – 7.15 (m, 25H), 5.60 (dd, J = 3.1, 1.9 Hz, 

1H), 5.02 – 4.94 (m, 2H), 4.93 – 4.86 (m, 2H), 4.79 (d, J = 11.4 Hz, 2H), 4.75 (d, J = 11.6 

Hz, 1H), 4.69 (d, J = 12.1 Hz, 1H), 4.65 – 4.58 (m, 2H), 4.55 (d, J = 11.6 Hz, 1H), 4.49 

(d, J = 11.2 Hz, 1H), 4.05 – 3.90 (m, 3H), 3.79 (dd, J = 11.2, 4.6 Hz, 1H), 3.75 – 3.60 (m, 

5H), 3.56 (dd, J = 9.6, 3.5 Hz, 1H), 3.44 (dd, J = 9.9, 8.9 Hz, 1H), 3.32 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 165.7, 138.8, 138.5, 138.3, 138.2, 137.9, 133.4, 130.0 (2C), 128.6 

(2C), 128.5 (2C), 128.3, 128.2 (3C), 128.1 (2C), 127.8 (3C), 127.7, 98.2 (1JC-H = 176 Hz), 

98.0 (1JC-H = 172 Hz), 82.2, 80.2, 77.7, 77.6, 75.9, 75.3, 75.1, 74.0, 73.5, 72.1, 71.5, 69.8, 

69.0, 66.3, 62.1, 55.3; HRMS (ESI) calcd for C55H58O12Na [M+Na]+ 933.3826; found: 

933.3831. 

 

Methyl 2-O-benzoyl-4-O-benzyl-α-L-rhamnopyranosyl-(1→6)-2,3,4-tri-O-benzyl-α-

D-glucopyranoside (112) 
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[α]25
D +30.9 (c 1.36, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.05 – 8.00 (m, 2H), 7.63 – 

7.53 (m, 1H), 7.49 – 7.43 (m, 2H), 7.38 – 7.16 (m, 20H), 5.30 (dd, J = 3.5, 1.7 Hz, 1H), 

4.98 (d, J = 10.9 Hz, 1H), 4.90 (d, J = 11.1 Hz, 1H), 4.84 – 4.79 (m, 2H), 4.79 – 4.75 (m, 

2H), 4.72 (d, J = 11.1 Hz, 1H), 4.66 (d, J = 12.1 Hz, 1H), 4.60 – 4.53 (m, 2H), 4.18 (dd, J 

= 9.4, 3.5 Hz, 1H), 3.98 (t, J = 9.2 Hz, 1H), 3.86 – 3.76 (m, 2H), 3.73 (ddd, J = 10.1, 5.3, 

1.7 Hz, 1H), 3.55 – 3.48 (m, 2H), 3.46 (d, J = 9.3 Hz, 1H), 3.42 (d, J = 9.6 Hz, 1H), 3.37 

(s, 3H), 1.33 (d, J = 6.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 166.3, 138.8, 138.3 

(2C), 138.2, 133.5, 130.0, 129.9, 128.7, 128.6 (3C), 128.5, 128.3, 128.2, 128.1 (2C), 

127.9, 127.7, 98.0 (1JC-H = 172 Hz), 97.8 (1JC-H = 172 Hz), 82.2, 81.8, 80.1, 77.8, 75.9, 

75.4, 75.2, 73.5, 73.3, 70.6, 70.1, 67.6, 66.5, 55.3, 18.2; HRMS (ESI) calcd for 

C48H52O11Na [M+Na]+ 827.3407; found: 827.3413. 

 

Methyl (benzyl 3,4-di-O-benzyl-2-O-levulinoyl-β-D-glucopyranosyluronate)-(1→6)-

2,3,4-tri-O-benzyl-α-D-glucopyranoside (113) 

 

[α]25
D +2.79 (c 1.28, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.15 (m, 28H), 7.02 

(dd, J = 6.5, 3.0 Hz, 2H), 5.12 – 5.03 (m, 2H), 4.98 (dd, J = 9.0, 7.7 Hz, 1H), 4.89 (d, J = 

10.9 Hz, 1H), 4.76 (d, J = 10.9 Hz, 1H), 4.73 – 4.63 (m, 3H), 4.62 – 4.55 (m, 3H), 4.50 

(d, J = 3.5 Hz, 1H), 4.45 (d, J = 11.0 Hz, 1H), 4.41 – 4.33 (m, 2H), 3.95 (dd, J = 10.7, 1.5 

Hz, 1H), 3.92 – 3.84 (m, 3H), 3.71 – 3.63 (m, 1H), 3.55 (td, J = 11.1, 10.0, 4.9 Hz, 2H), 

3.44 (dd, J = 9.6, 3.5 Hz, 1H), 3.36 – 3.28 (m, 1H), 3.25 (s, 3H), 2.59 – 2.51 (m, 1H), 

2.51 – 2.40 (m, 1H), 2.37 – 2.28 (m, 2H), 1.97 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

206.0, 171.3, 168.1, 138.9, 138.3, 138.0, 137.8, 135.1, 128.7, 128.6 (4C), 128.5 (2C), 

128.2, 128.1 (2C), 128.0 (2C), 127.9 (3C), 127.7, 101.4 (1JC-H = 164 Hz), 98.0 (1JC-H = 

172 Hz), 82.1, 80.1, 79.3, 77.9, 75.8, 75.1, 75.0, 74.9 (2C), 73.5, 73.1, 69.9, 68.4, 67.5, 

55.2, 37.8, 29.9, 28.0; HRMS (ESI) calcd for C60H64O14Na [M+Na]+ 1031.4194; found: 

1031.4114. 
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Methyl 3-O-benzyl-6-O-levulinoyl-2-N-trichloroacetyl-β-D-glucosaminopyranosyl-(1

→4)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (114) 

 

[α]25
D -22.2 (c 1.51, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.32 – 7.18 (m, 20H), 6.42 (d, 

J = 8.1 Hz, 1H), 4.92 (d, J = 11.4 Hz, 1H), 4.74 (d, J = 11.2 Hz, 1H), 4.70 – 4.59 (m, 4H), 

4.57 (d, J = 8.2 Hz, 1H), 4.53 – 4.47 (m, 2H), 4.44 – 4.34 (m, 2H), 3.96 (dd, J = 12.2, 2.1 

Hz, 1H), 3.88 (t, J = 9.3 Hz, 1H), 3.76 (t, J = 9.2 Hz, 1H), 3.63 – 3.36 (m, 7H), 3.27 (s, 

3H), 3.09 (dt, J = 9.5, 3.1 Hz, 1H), 2.99 (d, J = 4.2 Hz, 1H), 2.68 – 2.51 (m, 2H), 2.47 – 

2.29 (m, 2H), 2.06 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 207.0, 173.8, 161.7, 139.7, 

138.4, 138.2, 138.0, 128.8, 128.7 (2C), 128.5, 128.3, 128.2, 128.1, 128.0, 127.9, 127.6, 

127.2, 98.7 (1JC-H = 164 Hz), 98.5 (1JC-H = 168 Hz), 92.7, 80.4, 79.4, 79.0, 76.0, 75.3, 

74.7, 73.9, 73.6, 73.5, 71.1, 69.6, 68.4, 63.2, 58.6, 55.5, 38.1, 29.9, 28.0; HRMS (ESI) 

calcd for C48H54Cl3NO13Na [M+Na]+ 980.2558; found: 980.2564. 

 

Methyl 2,3-di-O-benzoyl-6-O-benzyl-β-D-glucopyranosyl-(1→4)-2,3,6-tri-O-benzyl-

α-D-glucopyranoside (115) 

 

[α]25
D +20.2 (c 1.44, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.97 – 7.90 (m, 2H), 7.87 – 

7.79 (m, 2H), 7.51 – 7.21 (m, 26H), 5.32 (dd, J = 9.9, 7.8 Hz, 1H), 5.25 (dd, J = 9.9, 8.9 

Hz, 1H), 4.99 (d, J = 11.3 Hz, 1H), 4.81 (d, J = 11.3 Hz, 1H), 4.75 (d, J = 12.2 Hz, 1H), 

4.70 – 4.62 (m, 2H), 4.59 (d, J = 12.2 Hz, 1H), 4.52 (d, J = 3.7 Hz, 1H), 4.44 (d, J = 11.9 

Hz, 1H), 4.38 (d, J = 11.9 Hz, 1H), 4.28 (d, J = 12.1 Hz, 1H), 3.92 – 3.78 (m, 3H), 3.64 – 

3.50 (m, 3H), 3.49 – 3.38 (m, 3H), 3.35 (dd, J = 10.7, 2.0 Hz, 1H), 3.25 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 166.9, 165.1, 139.7, 138.4, 137.9, 137.7, 133.4, 133.3, 130.0, 129.8, 
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129.4, 129.3, 128.9, 128.6, 128.5 (3C), 128.3, 128.2, 128.0, 127.9, 127.8, 127.6, 127.2, 

100.4 (1JC-H = 164 Hz), 98.5 (1JC-H = 172 Hz), 80.2, 79.0, 77.1, 76.4, 75.3, 73.9, 73.7 

(3C), 72.3, 72.1, 70.9, 69.6, 67.7, 55.4; HRMS (ESI) calcd for C55H56O13Na [M+Na]+ 

947.3619; found: 947.3624. 

 

Methyl 2-O-benzoyl-4,6-di-O-benzyl-β-D-galactopyranosyl-(1→4)-2,3,6-tri-O-benzyl-

α-D-glucopyranoside (116) 

 

[α]25
D +2.89 (c 1.55, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 8.2, 1.1 Hz, 2H), 

7.52 – 7.43 (m, 1H), 7.39 – 7.12 (m, 27H), 5.12 (dd, J = 10.0, 8.0 Hz, 1H), 4.94 (d, J = 

10.9 Hz, 1H), 4.71 (d, J = 11.8 Hz, 2H), 4.63 (d, J = 11.8 Hz, 1H), 4.59 (d, J = 11.8 Hz, 

1H), 4.57 (d, J = 5.0 Hz, 1H), 4.55 – 4.49 (m, 2H), 4.45 (d, J = 3.7 Hz, 1H), 4.33 (d, J = 

11.7 Hz, 1H), 4.27 – 4.18 (m, 2H), 3.86 – 3.70 (m, 3H), 3.59 (dd, J = 10.7, 3.3 Hz, 1H), 

3.52 – 3.29 (m, 7H), 3.20 (s, 3H), 2.18 (d, J = 10.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) 

δ 166.5, 139.7, 138.5, 138.3, 138.1, 138.0, 133.3, 129.9 (2C), 128.7, 128.6 (2C), 128.5 

(2C), 128.2, 128.1 (2C), 128.0, 127.9 (3C), 127.2, 100.4 (1JC-H = 168 Hz), 98.5 (1JC-H = 

172 Hz), 80.2, 79.2, 76.7, 75.6, 75.4, 74.8, 73.7, 73.6, 73.4, 73.3, 69.7, 68.1, 67.9, 55.4; 

HRMS (ESI) calcd for C55H58O12Na [M+Na]+ 933.3826; found: 933.3832. 

 

Methyl 2,3-di-O-benzoyl-4,6-O-benzylidene-β-D-galactopyranosyl-(1→4)-2,3,6-tri-O-

benzyl-α-D-glucopyranoside (117) 
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[α]25
D +58.6 (c 1.77, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.90 – 7.84 (m, 2H), 7.84 – 

7.77 (m, 2H), 7.40 – 7.14 (m, 26H), 5.72 (dd, J = 10.4, 8.1 Hz, 1H), 5.42 (s, 1H), 5.08 (d, 

J = 10.8 Hz, 1H), 5.00 (dd, J = 10.4, 3.7 Hz, 1H), 4.77 (d, J = 10.8 Hz, 1H), 4.73 (d, J = 

12.2 Hz, 1H), 4.69 (d, J = 8.1 Hz, 1H), 4.60 – 4.50 (m, 2H), 4.45 (d, J = 3.6 Hz, 1H), 4.40 

(d, J = 3.5 Hz, 1H), 4.22 – 4.15 (m, 2H), 3.90 – 3.82 (m, 3H), 3.59 (dd, J = 10.7, 3.3 Hz, 

1H), 3.48 – 3.40 (m, 2H), 3.33 (dd, J = 10.7, 1.7 Hz, 1H), 3.20 (s, 3H), 3.18 (s, 1H); 13C 

NMR (101 MHz, CDCl3) δ 166.3, 165.1, 139.4, 138.5, 138.2, 137.8, 133.4, 133.3, 130.0, 

129.8, 129.6, 129.3, 128.9, 128.7, 128.5 (2C), 128.3, 128.2 (3C), 128.1, 127.9, 127.3, 

126.4, 100.9 (1JC-H = 160 Hz), 98.4 (1JC-H = 168 Hz), 80.4, 79.3, 77.6, 75.9, 73.7, 73.6, 

73.1, 70.0, 69.6, 68.8, 68.1, 66.6, 55.4; HRMS (ESI) calcd for C55H54O13Na [M+Na]+ 

945.3462; found: 945.3466. 

 

Methyl 3,4,6-tri-O-benzyl-2-O-levulinoyl-β-D-glucopyranosyl-(1→4)-2,3,6-tri-O-

benzyl-α-D-glucopyranoside (118) 

 

[α]25
D +10.1 (c 1.88, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.10 (m, 30H), 4.98 (d, 

J = 11.4 Hz, 1H), 4.85 (dd, J = 9.5, 8.1 Hz, 1H), 4.71 – 4.62 (m, 5H), 4.57 – 4.48 (m, 

3H), 4.45 (d, J = 11.0 Hz, 1H), 4.39 – 4.30 (m, 3H), 4.25 (d, J = 12.1 Hz, 1H), 3.84 – 3.70 

(m, 3H), 3.65 – 3.51 (m, 4H), 3.46 – 3.32 (m, 3H), 3.29 (s, 3H), 3.22 (ddd, J = 9.8, 4.5, 

1.7 Hz, 1H), 2.65 – 2.57 (m, 1H), 2.57 – 2.46 (m, 1H), 2.39 – 2.29 (m, 1H), 2.27 – 2.17 

(m, 1H), 2.05 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.2, 171.4, 139.8, 138.5 (3C), 

138.2, 138.0, 128.7, 128.5, 128.4 (2C), 128.3, 128.2, 128.1, 128.0 (2C), 127.9, 127.8, 

127.7, 127.5, 127.1, 100.2 (1JC-H = 164 Hz), 98.5 (1JC-H = 172 Hz), 83.2, 80.4, 79.0, 78.2, 

75.5, 75.4, 75.1, 74.9, 74.2, 73.8, 73.7, 73.5, 69.9, 68.9, 68.1, 55.4, 37.8, 30.0, 28.0; 

HRMS (ESI) calcd for C60H66O13Na [M+Na]+ 1017.4401; found: 1017.4410. 
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Methyl 2-O-benzoyl-3,4-di-O-benzyl-α-D-mannopyranosyl-(1→4)-2,3,6-tri-O-benzyl-

α-D-glucopyranoside (119) 

 

[α]25
D -3.44 (c 1.68, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.02 – 7.91 (m, 2H), 7.62 – 

7.51 (m, 1H), 7.44 (t, J = 7.7 Hz, 2H), 7.35 – 7.17 (m, 22H), 7.14 – 7.01 (m, 3H), 5.66 (t, 

J = 2.4 Hz, 1H), 5.50 (d, J = 1.9 Hz, 1H), 5.02 (d, J = 10.9 Hz, 1H), 4.86 (d, J = 10.9 Hz, 

1H), 4.76 (d, J = 10.9 Hz, 1H), 4.73 – 4.67 (m, 2H), 4.61 – 4.55 (m, 3H), 4.53 (d, J = 1.5 

Hz, 2H), 4.45 (d, J = 11.3 Hz, 1H), 4.01 – 3.91 (m, 2H), 3.87 (td, J = 9.2, 2.9 Hz, 2H), 

3.76 – 3.60 (m, 6H), 3.53 (dd, J = 9.5, 3.5 Hz, 1H), 3.38 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 165.4, 138.4, 138.3, 138.1, 138.0, 133.3, 130.0 (2C), 128.6, 128.5 (2C), 128.4 

(2C), 128.3 (2C), 128.1, 128.0, 127.9, 127.7 (4C), 127.5, 99.0 (1JC-H = 176 Hz), 98.0 (1JC-

H = 172 Hz), 81.9, 80.3, 78.2, 75.6, 75.4, 75.0, 74.0, 73.7, 73.4, 72.9, 71.6, 69.8, 69.3, 

68.8, 62.0, 55.5; HRMS (ESI) calcd for C55H58O12Na [M+Na]+ 933.3826; found: 

933.3833. 

 

Methyl 2-O-benzoyl-4-O-benzyl-α-L-rhamnopyranosyl-(1→4)-2,3,6-tri-O-benzyl-α-

D-glucopyranoside (120) 

 

[α]25
D +17.2 (c 1.26, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.98 (dd, J = 8.3, 1.4 Hz, 2H), 

7.59 – 7.53 (m, 1H), 7.46 – 7.41 (m, 2H), 7.35 – 7.12 (m, 20H), 5.23 (dd, J = 3.4, 1.7 Hz, 

1H), 5.09 – 5.03 (m, 2H), 4.75 – 4.69 (m, 3H), 4.66 (d, J = 11.3 Hz, 1H), 4.60 – 4.52 (m, 

3H), 4.49 (d, J = 11.9 Hz, 1H), 4.14 (dd, J = 9.5, 3.4 Hz, 1H), 3.99 (dd, J = 9.6, 6.2 Hz, 

1H), 3.92 – 3.76 (m, 3H), 3.73 – 3.64 (m, 2H), 3.58 (dd, J = 9.2, 3.6 Hz, 1H), 3.42 – 3.36 
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(m, 1H), 3.35 (s, 3H), 0.97 (d, J = 6.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 166.4, 

138.9, 138.4, 138.1, 137.9, 133.5, 130.0, 129.9, 128.6 (2C), 128.5, 128.4, 128.3 (2C), 

128.2, 128.1 (2C), 128.0 (3C), 127.6, 127.4, 98.1 (1JC-H = 172 Hz), 97.2 (1JC-H = 176 Hz), 

82.0, 80.5, 79.9, 75.7, 75.0, 74.8, 73.7, 73.5, 73.4, 70.2, 70.1, 68.5, 68.1, 55.4, 18.0; 

HRMS (ESI) calcd for C48H52O11Na [M+Na]+ 827.3407; found: 827.3409. 

 

Methyl (benzyl 3,4-di-O-benzyl-2-O-levulinoyl-β-D-glucopyranosyluronate)-(1→4)-

2,3,6-tri-O-benzyl-α-D-glucopyranoside (121) 

 

[α]25
D -7.40 (c 0.84, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.45 – 7.40 (m, 2H), 7.36 – 

7.25 (m, 26H), 7.15 – 7.10 (m, 2H), 5.08 – 4.94 (m, 4H), 4.80 – 4.69 (m, 4H), 4.67 – 4.58 

(m, 4H), 4.50 (d, J = 8.1 Hz, 1H), 4.46 – 4.40 (m, 2H), 3.96 – 3.77 (m, 5H), 3.71 (dt, J = 

9.8, 1.8 Hz, 1H), 3.64 (dd, J = 10.9, 1.9 Hz, 1H), 3.50 (dd, J = 9.2, 3.7 Hz, 1H), 3.43 (t, J 

= 9.1 Hz, 1H), 3.40 (s, 3H), 2.79 – 2.68 (m, 1H), 2.65 – 2.54 (m, 1H), 2.48 – 2.37 (m, 

1H), 2.33 – 2.25 (m, 1H), 2.15 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 206.1, 171.2, 

168.0, 139.5, 138.5, 138.2, 137.9, 137.8, 135.2, 128.8, 128.7 (2C), 128.6 (2C), 128.5, 

128.4 (2C), 128.3, 128.2 (2C), 128.1 (3C), 127.9, 127.8 (2C), 127.7, 127.2, 100.6 (1JC-H = 

164 Hz), 98.5 (1JC-H = 172 Hz), 82.1, 80.2, 79.7, 79.1, 77.3, 75.6, 75.0, 74.9, 74.6, 73.8, 

73.7, 73.5, 69.7, 67.9, 67.3, 55.4, 37.8, 30.0, 27.9; HRMS (ESI) calcd for C60H64O14Na 

[M+Na]+ 1031.4194; found: 1031.4199. 

 

4.4.4 1,2-Cis glycosylation 

Table 4.6: 1,2-Cis glycosylation activated by DBDMH 

Entry Donor Solvent T (oC) Product Yield (%) α/β ratio 

1 96 DCM/Et2O -78 122 94 1:1.4 

2 96 DCM -78 122 94 1:2.7 
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3 96 DCM/MeCN -78 122 93 1:11.7 

4 96 DCM -40 122 67 1:1.3 

5 97 DCM -78 123 72 4.6:1 

6 97 DCM -40 123 50 11.8:1 

7 98 DCM -78 124 76 1:1.1 

8 98 DCM -40 124 69 1:1 

 

Methyl 2,3,4,6-tetra-O-benzyl-D-galactopyranosyl-(1→6)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (122) 

 

Purification: flash column chromatography with 15% ethyl acetate in hexanes. 1H NMR 

(400 MHz, CDCl3) δ 7.41 – 7.19 (m, 35H), 5.04 – 4.93 (m, 3H), 4.89 (d, J = 12.0 Hz, 

0.5H), 4.85 – 4.66 (m, 6.5H), 4.64 – 4.51 (m, 3.5H), 4.49 – 4.37 (m, 2H), 4.34 (d, J = 7.7 

Hz, 0.5H), 4.18 (dd, J = 10.8, 2.0 Hz, 0.5H), 4.04 – 3.73 (m, 6H), 3.67 – 3.42 (m, 5.5H), 

3.33 (d, J = 1.9 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 139.0, 138.9, 138.6, 138.5, 138.3 

(2C), 138.2, 138.0, 128.6, 128.5 (4C), 128.4 (3C), 128.3 (2C), 128.1 (2C), 128.0 (2C), 

127.9, 127.8 (3C), 127.7, 127.6 (2C), 127.5, 104.3 (1JC-H = 160 Hz), 98.1 (1JC-H = 168 

Hz), 98.0 (2C, 1JC-H = 172 Hz), 82.4, 82.2, 82.1, 80.3, 80.0, 79.4, 78.4, 78.2, 78.1, 76.6, 

75.8 (2C), 75.3, 75.2, 75.0, 74.9, 74.7, 73.6 (2C), 73.5 (2C), 73.0, 72.9, 72.7, 70.4, 70.0, 

69.5, 69.0, 68.7 (2C), 66.5, 55.3, 55.2; HRMS (ESI) calcd for C62H66O11Na [M+Na]+ 

1009.4503; found: 1009.4510. 

 

Methyl 4-O-benzoyl-2,3,6-tri-O-benzyl-D-galactopyranosyl-(1→6)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (123) 



Chapter 4   1,3-Dibromo-5,5-dimethylhydantoin as promotor for thioglycosides 
 

131 
 

 

Purification: flash column chromatography with 17% ethyl acetate in hexanes. 1H NMR 

(400 MHz, CDCl3) δ 8.11 – 7.94 (m, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.51 – 7.02 (m, 32H), 

5.79 (d, J = 3.5 Hz, 1H), 5.06 (d, J = 3.5 Hz, 1H), 4.96 (d, J = 10.7 Hz, 1H), 4.85 – 4.42 

(m, 11H), 4.40 – 4.30 (m, 1H), 4.17 (t, J = 6.5 Hz, 1H), 4.05 – 3.93 (m, 2H), 3.88 (dd, J = 

10.0, 3.5 Hz, 1H), 3.82 – 3.67 (m, 3H), 3.62 – 3.39 (m, 4H), 3.34 – 3.25 (m, 3H); 13C 

NMR (101 MHz, CDCl3) δ 165.9, 139.0, 138.8, 138.5, 138.3, 138.2, 137.9, 133.1, 130.2, 

130.0, 128.6 (2C), 128.5 (2C), 128.4 (3C), 128.3 (2C), 128.2, 128.1 (3C), 128.0, 127.9 

(2C), 127.8, 127.7 (2C), 127.6, 127.5, 104.5 (1JC-H = 160 Hz), 98.2 (1JC-H = 168 Hz), 98.1 

(1JC-H = 172 Hz), 98.0 (1JC-H = 172 Hz), 82.2, 80.2, 79.9, 79.6, 78.8, 78.1, 78.0, 75.8, 

75.6, 75.4, 75.1, 75.0, 73.8, 73.6, 73.5, 73.0, 72.5, 72.0, 71.6, 70.4, 70.1, 68.8, 68.7, 68.3, 

68.1, 67.4, 66.4, 55.4, 55.2; HRMS (ESI) calcd for C62H64O12Na [M+Na]+ 1023.4295; 

found: 1023.4296. 

 

Methyl 4,6-di-O-benzoyl-2,3-di-O-benzyl-D-glucopyranosyl-(1→6)-2,3,4-tri-O-

benzyl-α-D-glucopyranoside (124) 

 

Purification: flash column chromatography with 18% ethyl acetate in hexanes. 1H NMR 

(400 MHz, CDCl3) δ 8.04 – 7.92 (m, 4H), 7.62 – 7.50 (m, 2H), 7.45 – 7.25 (m, 23H), 7.21 

(dd, J = 7.6, 1.9 Hz, 1H), 7.16 – 7.07 (m, 5H), 5.49 – 5.35 (m, 1H), 5.04 – 4.94 (m, 2H), 

4.87 – 4.59 (m, 9H), 4.58 – 4.47 (m, 2H), 4.39 (dd, J = 12.1, 5.4 Hz, 1H), 4.28 – 4.22 (m, 

1H), 4.19 (dd, J = 8.0, 2.0 Hz, 0.5H), 4.02 (t, J = 8.0 Hz, 0.5H), 4.02 (td, J = 9.3, 3.6 Hz, 

1H), 3.90 – 3.65 (m, 4.5H), 3.61 – 3.50 (m, 1H), 3.43 – 3.38 (m, 2H), 3.35 (s, 1.5H); 13C 

NMR (101 MHz, CDCl3) δ 166.3, 165.4, 165.3, 138.9 (2C), 138.5 (2C), 138.2 (2C), 

138.0, 137.8, 133.4, 133.3, 133.1, 130.0, 129.9 (2C), 129.8, 129.7, 129.6, 128.6, 128.5 
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(2C), 128.4 (2C), 128.3 (3C), 128.2, 128.1 (2C), 128.0 (2C), 127.9 (2C), 127.8 (2C), 

127.7 (2C), 127.6, 104.0 (1JC-H = 160 Hz), 98.2 (1JC-H = 172 Hz), 98.0 (1JC-H = 172 Hz), 

97.1 (1JC-H = 172 Hz), 82.2, 82.1, 82.0, 81.6, 80.2, 80.0, 79.9, 78.2, 78.0, 75.9, 75.8, 75.4, 

75.3, 75.2, 75.1, 75.0, 73.5, 73.4, 72.9, 72.0, 71.2, 70.9, 70.4, 69.8, 68.9, 67.9, 66.3, 63.6, 

63.3, 55.4, 55.2; HRMS (ESI) calcd for C62H62O13Na [M+Na]+ 1037.4088; found: 

1037.4095. 

 

4.4.5 Solid-phase automated glycan assembly 

Building block solution: The building block 92 was co-evaporated with toluene three 

times, dissolved in dichloromethane under argon and transferred to the vial which was 

placed on the corresponding port in the synthesizer. For each glycosylation, building 

block 92 (6.5 equivalents, 0.08 mmol) was dissolved in 1 mL dichloromethane. 

Acidic TMSOTf wash solution: 450 µL TMSOTf was dissolved in 40 mL dichloro-

methane. 

Activator solution: DBDMH (0.86 g) was dissolved in a 2:1 (v/v) mixture of anhydrous 

dichloromethane and dioxane (40 mL) followed by the addition of TMSOTf (54 µL). 

Fmoc deprotection solution: The solution was 20% (v/v) piperidine in DMF. 

Preparation of the resin: The functionalized resin 2196 (40 mg, 0.0125 mmol linker) was 

loaded into the reaction vessel of the synthesizer and swollen in 2 mL dichloromethane 

for 20 min. 

Module a-Acidic TMSOTf wash: The resin is washed with 1 mL acidic solution of 

TMSOTf in dichloromethane for three minutes at -20 oC. 

Module b-Glycosylation using thioglycoside: For glycosylation the acidic solution is 

drained and thioglycoside building block (1 mL) is delivered to the reaction vessel. After 

the set temperature -20 oC is reached, the reaction starts with the addition of 1 mL of acti-

vator solution. The glycosylation is performed for 5 min at -20 oC and 20 min from -20 oC 

to 0 oC Then the solution is drained and the resin is washed with dioxane (2 mL for 20 s) 
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and dichloromethane (two times each with 2 mL for 25 s). The temperature of the reac-

tion vessel is increased to 25 oC for the next module. 

Module c-Fmoc deprotection: The resin is washed with DMF and then 2 mL solution of 

20% piperidine in DMF for 5 min. The reaction solution was drained and the resin was 

washed with DMF (three times with 3 mL for 25 s) and dichloromethane (five times each 

with 2 mL for 25 s). 

Cleavage from Solid Support: After automated synthesis, the oligosaccharides were 

cleaved from the solid support using a continuous-flow photoreactor as described previ-

ously.96 

Analytical HPLC of the crude after UV-cleavage: YMC-Diol-300-NP 5µm (150×4.60 

mm) column; flow rate: 1.0 mL; elution gradient: 20% ethyl acetate in hexanes for 5 min, 

increased to 55% at 40 min, then 100% at 45 min; detection: ELSD and UV light. 

Purification: flash column chromatography with 30% ethyl acetate in hexanes 

 

N-Benzyloxycarbonyl-5-amino-pentanyl 2-O-benzoyl-3,4-di-O-benzyl-α-D-

mannopyranosyl-(1→6)-2-O-benzoyl-3,4-di-O-benzyl-α-D-mannopyranoside (99) 

 

[α]25
D +9.10 (c 0.91, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 8.12 (dd, J = 8.1, 1.7 Hz, 2H), 

8.07 (dd, J = 8.3, 1.4 Hz, 2H), 7.62 – 7.56 (m, 1H), 7.54 – 7.44 (m, 5H), 7.33 – 7.21 (m, 

23H), 7.17 – 7.11 (m, 2H), 5.73 (dd, J = 3.2, 1.9 Hz, 1H), 5.62 (dd, J = 3.3, 1.8 Hz, 1H), 

5.16 – 5.05 (m, 3H), 4.94 – 4.80 (m, 5H), 4.74 (d, J = 11.4 Hz, 1H), 4.63 (d, J = 11.1 Hz, 

1H), 4.56 (d, J = 11.0 Hz, 1H), 4.49 (d, J = 11.2 Hz, 1H), 4.47 (d, J = 11.2 Hz, 1H), 4.09 

(dd, J = 9.4, 3.1 Hz, 2H), 4.01 – 3.60 (m, 10H), 3.47 – 3.38 (m, 1H), 3.18 (q, J = 7.0 Hz, 

2H), 1.59 – 1.54 (m, 2H), 1.54 – 1.47 (m, 2H), 1.40 – 1.34 (m, 2H); 13C NMR (101 MHz, 
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CDCl3) δ 166.0, 165.7, 138.4 (2C), 138.0, 137.8, 133.4, 130.0 (2C), 129.9, 128.7, 128.6 

(2C), 128.5 (2C), 128.4, 128.3, 128.2 (3C), 128.1, 127.9, 127.8 (3C), 98.0, 97.9, 78.7, 

78.0, 75.3, 74.4, 74.0, 72.2, 71.8, 71.5, 70.7, 69.1, 68.9, 67.9, 66.7, 66.3, 62.1, 41.1, 29.9, 

29.2, 23.6; HRMS (ESI) calcd for C67H71O15NNa [M+Na]+ 1152.4721; found: 1152.4727. 

 

4.4.6 Hydrolysis of glycosyl selenide 

Phenyl 2-azido-2-deoxy-4-O-fluorenylmethoxycarbonyl-6-O-levulinoyl-3-O-(2-

naphthalenylmethyl)-1-seleno-α-D-galactopyranoside (100) 

 

To a solution of phenyl 2-azido-2-deoxy-3-O-(2-naphthalenylmethyl)-1-seleno-α-D-

galactopyranoside236 125 (280 mg, 0.58 mmol) in dichloromethane (4 mL) was added 

levulinic acid (0.35 mL, 3.47 mmol) followed by 2-chloro-1-methylpyridinium iodide 

(CMPI, 369 mg, 1.44 mmol). 1,4-Diazabicyclo[2.2.2]octane (DABCO, 246 mg, 2.2 

mmol) was added after 15 min. The reaction mixture was stirred at room temperature for 

24 h and then diluted with ethyl acetate, filtered through Celite and concentrated to give 

the crude 126. The residue was dissolved in dichloromethane (5 mL), followed by the 

addition of 9-fluorenylmethyl chloroformate (299 mg, 1.16 mmol) and pyridine (0.14 mL, 

1.74 mmol). The mixture was stirred overnight at room temperature. Then the reaction 

was quench with 1M aq. HCl solution and diluted with dichloromethane. The organic 

layer was dried over Na2SO4, filtered and concentrated. The residue was purified by flash 

column chromatography to afford 100 (380 mg, 0.47 mmol, 82%) as a slightly yellow 

foam. 

[α]25
D +157.77 (c 1.26, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 1.6 Hz, 1H), 

7.79 – 7.69 (m, 5H), 7.68 – 7.62 (m, 2H), 7.57 (d, J = 7.5 Hz, 1H), 7.50 (dd, J = 8.4, 1.7 

Hz, 1H), 7.47 – 7.38 (m, 4H), 7.35 – 7.28 (m, 5H), 7.23 (td, J = 7.5, 1.1 Hz, 1H), 6.03 (d, 

J = 5.4 Hz, 1H), 5.54 (dd, J = 3.2, 1.2 Hz, 1H), 4.98 (d, J = 10.9 Hz, 1H), 4.81 (d, J = 

10.9 Hz, 1H), 4.68 (t, J = 6.5 Hz, 1H), 4.42 (dd, J = 10.4, 7.1 Hz, 1H), 4.36 – 4.26 (m, 
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2H), 4.21 (dd, J = 6.5, 1.6 Hz, 2H), 4.14 (t, J = 7.5 Hz, 1H), 3.90 (dd, J = 10.3, 3.1 Hz, 

1H), 2.74 (t, J = 6.5 Hz, 2H), 2.55 (t, J = 6.2 Hz, 2H), 2.20 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 206.6, 172.4, 154.9, 143.5, 143.0, 141.3, 141.2, 134.8, 134.3, 133.2, 133.1, 

129.3, 128.3 (2C), 128.0, 127.9, 127.8, 127.7, 127.4, 127.2 (2C), 126.1 (3C), 125.4, 

125.1, 120.1, 120.0, 84.6, 72.2, 70.5, 70.3, 69.1, 62.1, 60.5, 46.5, 38.0, 30.0, 27.8; HRMS 

(ESI) calcd for C43H39N3O8SeNa [M+Na]+ 828.1795; found: 828.1811. 

 

N-Phenyltrifluoroacetimidate 2-azido-2-deoxy-4-O-(9-fluorenylmethoxycarbonyl)-6-

O-levulinoyl-3-O-(2-naphthalenylmethyl)-α-D-galactopyranoside (102) 

 

To a solution of monosaccharide 100 (80 mg, 0.099 mmol) in THF-water (4.2 mL, 5:1 

v/v) was added DBDMH (45.5 mg, 0.16 mmol) at 0 oC. The reaction mixture was stirred 

at room temperature for 2 h. Then the mixture was diluted with dichloromethane and 

washed with 10% aq. Na2S2O3 solution. The organic layer was dried over Na2SO4, fil-

tered and concentrated to get crude 101. The residue 101 was dissolved in dichloro-

methane (4 mL) followed by the addition of (E)-2,2,2-trifluoro-N-phenylacetimidoyl 

chloride (47 µL, 0.298 mmol) and Cs2CO3 (97 mg, 0.298 mmol) at 0 oC . After 2 h, the 

reaction mixture was filtered and concentrated. The residue was purified by flash column 

chromatography to give imidate 102 (70 mg, 0.083 mmol, 84%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.66 (m, 6H), 7.60 (d, J = 7.5 Hz, 1H), 7.52 – 7.22 

(m, 10H), 7.11 (t, J = 7.4 Hz, 1H), 6.83 (d, J = 7.9 Hz, 2H), 5.50 (brs, 1H), 5.42 (s, 1H), 

4.94 (d, J = 11.5 Hz, 1H), 4.76 (d, J = 11.4 Hz, 1H), 4.47 – 4.15 (m, 5H), 3.99 (t, J = 9.4 

Hz, 1H), 3.84 (s, 1H), 3.57 (d, J = 10.2 Hz, 1H), 2.80 – 2.41 (m, 4H), 2.12 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 206.6, 172.3, 155.0, 143.5, 143.2, 143.1, 141.4, 141.3, 134.2, 

133.2, 129.0, 128.4, 128.0, 127.9, 127.8, 127.5, 127.3 (3C), 126.2, 126.1, 125.4, 125.2, 

124.7, 120.1 (2C), 119.3, 95.4, 77.6, 72.3, 71.6, 70.7, 69.2, 61.7, 61.5, 46.6, 38.0, 29.8, 

28.0; HRMS (ESI) calcd for C45H39F3N4O9Na [M+Na]+ 859.2561; found: 859.2566. 
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Chapter 5 

Catching elusive glycosyl oxocarbenium ions via cold-ion infra-

red spectroscopy 

 

5.1 Introduction 

5.1.1 Glycosyl oxocarbenium ions 

Over the past few decades, a large amount of sophisticated methods have been developed 

to stereoselectively assemble oligosaccharides.58, 77, 237, 238 But the lack of a universal gly-

cosylation method has pointed to the necessity to gain more insights into mechanism of 

this reaction. 

 

Figure 5.1: Generally accepted mechanism for glycosylation. PG: protecting group. 

It is generally accepted that glycosylation involves and is strongly affected by key transi-

ent ionic species named glycosyl oxocarbenium ions (Figure 5.1). Extensive efforts have 

been made to support this hypothesis.239-241 Particularly, low-temperature NMR has been 

used to investigate reactive intermediates242, such as glycosyl triflates80, 243 and glycosyl 

dioxolenium ions.244, 245 Although many different reactive intermediates (shown in blue in 

Figure 5.2) have been described, it is still very difficult to predict whether these interme-

diates are indeed involved in the product-forming step or merely serve as a reservoir for a 

more reactive oxocarbenium ion-like species (shown in red in Figure 5.2), which have so 

far not been observed by low temperature NMR in organic solvents. 
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Figure 5.2: Reactive intermediates studied by low-temperature NMR in organic solvents.242 (Reprinted 

from ref. 242) 

 

Recently, superacid HF/SbF5
246, 247 has been used to generate and stabilize glycosyl cati-

ons derived from peracetylated 2-deoxy and 2-bromoglycopyranose, allowing access to 

their NMR signature and conformation in a condensed phase (Figure 5.3).248 Extensive 

NMR analysis of the crude reaction mixture resulting from the treatment of the sugar de-

rivative with HF/SbF5 at -40 oC provided strong evidence for the formation of the 2-

deoxyglucosyl oxocarbenium ion as the main species (anomeric proton at δ = 8.89 ppm 

and anomeric carbon at δ = 229.1 ppm). However, as there are marked differences be-

tween superacid medium and organic solvents, it is impossible to transpose the data ob-

tained in superacid to classical glycosylation conditions. Therefore, some new methods 

are highly needed to access the observation and analysis of glycosyl oxocarbenium ions. 
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Figure 5.3: NMR spectra including the signals at 8.89 ppm for the anomeric proton and at 229.1 ppm for 

the anomeric carbon unambiguously confirm the generation of the 2-deoxyglucosyl oxocarbenium ion. (a) 

Generation of ion in HF/SbF5; (b) 1H NMR spectrum of ion; (c) 1H-1H COSY (homonuclear correlated 

spectroscopy) NMR spectrum; (d) 13C NMR spectrum; (e) 1H-13C HSQC (heteronuclear single quantum 

correlation) NMR spectrum.248 (Reprinted from ref. 248) 

 

5.1.2 Cold-ion infrared spectroscopy and its experimental setup 

Combining mass spectrometry (MS) and infrared (IR) spectroscopy provides a very sensi-

tive alternative by interrogating the vibrational modes of mass-selected gas-phase mo-

lecular ions. The ions are stored and isolated in a quadrupole ion trap where they are in-

vestigated with infrared multiple photon dissociation (IRMPD) spectroscopy using a free 

electron laser (FEL). Over the past two decades, gas-phase IR spectroscopy has been ex-

plored for glycan analysis.249-251 However, spectral congestion due to peak broadening252 

has limited the informational content of the resulting signatures. Resolution of carbohy-

drate-ion IR spectra obtained at around 300 K by IRMPD was very limited, even at the 

mono- and disaccharide level. 
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Figure 5.4: Schematic diagram of the experimental setup for cold-ion IR spectroscopy.253 (Reprinted from 

ref 253) 

To overcome this limitation, nanoelectrospray ionization (nESI), mass spectrometry and 

ultra-cold gas phase IR spectroscopy have been combined (Figure 5.4). Molecular ions 

are generated using nanoelectrospray ionization, which allows for the ionization of large 

molecules. These ions are mass-to-charge selected and accumulated in a linear ion trap. 

Superfluid helium droplets with an average size of 105 helium atoms are subsequently 

guided through the trap to pick up molecular ions, which are rapidly cooled down to ca. 

0.37 K, the equilibrium temperature of the droplet. While the droplet itself is optically 

transparent, irradiation with intense, narrow-bandwidth IR radiation can lead to the ejec-

tion of ions from the droplet if the wavelength is in resonance with a vibrational excita-

tion of the ion. Monitoring the ejection efficiency as a function of the wavelength yields a 

highly reproducible IR spectrum of ultra-cold molecular ions. Using this experimental 

set-up, cold-ion IR spectra of a series of mono- and oligosaccharides have been 

recorded.254 Each spectrum exhibits a unique absorption pattern with a variety of well-

resolved bands (Figure 5.5). 
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Figure 5.5: The characteristic spectra using established cold-ion spectroscopy method are depicted in blue, 

while IR spectra depicted in red were recorded using an in house constructed drift-tube ion mobility instru-

ment.248 (Reprinted from ref. 248) 

 

With this established cold-ion IR spectroscopy technique, glycosyl cations generated 

from various glycosyl donors will be explored to get a deeper insight into the mechanism 

of glycosylation reactions. 

 

5.2 Results and discussion 

5.2.1 Design of monosaccharide library 

A series of monosaccharide thioglycoside donors with various protecting group patterns 

(Figure 5.6) has been devised to study their glycosyl oxocarbenium ion using cold-ion IR 

spectroscopy. To simplify the IR spectra, the methyl group was chosen as the ether pro-

tecting group while acetyl group was selected to be the ester protecting group. Glucosyl 

substrates 127 to 131 are meant to illustrate the electron-withdrawing effect on glycosyl 

cations. Monosaccharides 128, 132 and 133, bearing acetyl group at C-2 position, will be 

synthesized to study the participating effect on the formation of glycosyl cations. Galac-
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tosyl donor 134 will be investigated to get empirical evidence for C-4 remote participat-

ing effect of galactose.77 

OMeO
MeO

OMe
SEt

OMe
OMeO

MeO
OMe

SEt

OAc

OMeO
MeO

OAc
SEt

OMe

O
MeO

MeO
MeO OAc

SEt

O
MeO

OAc
SEt

OMeMeO

OAcO
MeO

OMe
SEt

OMe

OMeO
AcO

OMe
SEt

OMe

127 128

132

133

131130129

O
MeO

OMe
SEt

OMeAcO

134

 

Figure 5.6: Monosaccharides with different protecting-group patterns to be studied by cold-ion IR spec-

troscopy. 

 

5.2.2 Synthesis of monosaccharides 

The synthesis of monosaccharide 127 started with ethyl 4,6-O-benzylidene-1-thio-β-D-

glycopyranoside255 135 (Scheme 5.1). Methylation of 135 followed by cleavage of ben-

zylidene acetal with ethanethiol afforded diol 137, which was further treated with methyl 

iodide and sodium hydride to produce thioglycoside 127. 
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Scheme 5.1: Synthesis of thioglycoside 127. 
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Commercial available 1,2-orthoester of D-glucose256 138 was chosen to commence the 

synthesis of compound 128 (Scheme 5.2). After removal of all the acetyl groups under 

Zemplén conditions257 (catalytic amount of sodium methoxide in methanol), methyl 

groups were introduced using methyl iodide and sodium hydride in DMF to give 139. 

Treatment with TMSOTf in the presence of ethanethiol converted glucosyl orthoester 139 

into thioglycoside 128. Monosaccharides 132 and 133 were obtained using the same pro-

cedure described above for donor 128, starting from 1,2-orthoesters 140 and 142, respec-

tively. 

 

Scheme 5.2: Synthesis of monosaccharides 128, 132 and 133 bearing a C-2 participating group. 

 

Tin-mediated regioselective protection258 of diol 135 with 2-bromomethylnaphthalene 

gave C-3 protected sugar 144, which was further treated with ethanethiol and TsOH to 

afford 145. Methylation of 145 followed by removal of 2-naphthylmethyl ether (NAP) 

group with DDQ yielded alcohol 147. Acetylation of the free hydroxyl group was accom-

plished with acetic anhydride catalyzed by DMAP, producing substrate 129 (Scheme 5.3). 
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Scheme 5.3: Synthesis of monosaccharide 129. 

 

To obtain thioglycoside 130, diol 137 was regioselectively protected with 4,4’-

dimethoxytrityl (DMT) chloride to afford 148. NAP protecting group was then installed 

at C-4 position, followed by removal of temporary DMT protecting group to give 149. 

Subsequent methylation, cleavage of NAP group and acetylation produced substrate 130. 

On the other hand, the hydroxyl group of 148 was methylated with methane iodide to 

produce 152, which was further treated with trifluoroacetic acid to give alcohol 153. Final 

installation of acetyl group resulted in 131 (Scheme 5.4). 

 

Scheme 5.4: Synthesis of compounds 130 and 131. 
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The synthesis of galactosyl derivative 134 was achieved in four steps, starting with ethyl 

4,6-O-benzylidene-1-thio-β-D-galactopyranoside259 36 (Scheme 5.5). Regioselective 

opening of the benzylidene acetal with borane and TMSOTf gave the C-4 benzylated tri-

ol, which was methylated to give 154. Birch reduction260 was carried out to remove ben-

zyl group due to the existence of sulfur. Then 155 was treated with acetic anhydride to 

yield galactosyl substrate 134. 

 

Scheme 5.5: Synthesis of compound 134. 

 

5.2.3 Cold-ion infrared spectra** 

With all the substrates in hand, the stage was set to access the cold-ion IR spectra of gly-

cosyl oxocarbenium ions. In order to get empirical evidence for participating effect, glu-

cosyl thioglycoside 128 was firstly studied to see which ion is preferred (Scheme 5.6). 
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Scheme 5.6: Glycosyl cations for substrate 128. 

                                                            
** The cold-ion IR study was carried out by Eike Mucha, Fritz-Haber-Institut der Max-Planck-Gesellschaft 
and Institute of Chemistry and Biochemistry, Freie Universität Berlin, Germany. 
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The IR spectrum of glycosyl ion generated from 128 exhibits a well-resolved pattern 

(Figure 5.7). Compared with calculated IR spectra, the IR pattern suggested that the 

closed structure (dioxolenyl type ion) is formed, illustrating the existence of participating 

effect. The conformation of this ion is heavily distorted from 4S1. 

 

Figure 5.7: Cold-ion IR spectrum of glycosyl ions generated from 128 and calculated spectra of oxocarbe-

nium type ion and dioxolenyl ion. 

 

5.3 Conclusion 

A library of monosaccharide thioglycoside donors with different protecting-group pat-

terns has been synthesized to study their glycosyl cations with cold-ion IR spectroscopy 

technique. The IR spectrum of ions generated from glucosyl donor 128, which has a par-

ticipating group at C-2 position, has provided empirical evidence for the formation of 

dioxolenyl ion. Further analysis of glycosyl cations generated from the other glycosyl 

donors is still ongoing. 

 

5.4 Experimental section 

Ethyl 4,6-O-benzylidene-2,3-di-O-methyl-1-thio-β-D-glucopyranoside (136) 

O SEt

OMe
MeO

O
OPh
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Sodium hydride (205 mg, 5.12 mmol, 60% wt) was added to a solution of ethyl 4,6-O-

benzylidene-β-D-glucopyranoside 135 (400 mg, 1.28 mmol) in DMF (5 mL) at 0 oC. The 

reaction was stirred for 15 min at room temperature. MeI (0.32 mL, 5.12 mmol) was add-

ed and the mixture was stirred for 2 h. The reaction was quenched with aq. NH4Cl solu-

tion and extracted three times with ethyl acetate. The combined organic layer was washed 

with brine, dried over Na2SO4 and concentrated. The residue was purified by flash chro-

matography with 25% ethyl acetate in hexanes to give product 136 (380 mg, 1.12 mmol, 

87%). 

[α]25
D -61.8 (c 0.81, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.51 – 7.44 (m, 2H), 7.41 – 

7.33 (m, 3H), 5.54 (s, 1H), 4.45 (d, J = 9.8 Hz, 1H), 4.33 (dd, J = 10.5, 5.0 Hz, 1H), 3.75 

(t, J = 10.3 Hz, 1H), 3.66 (s, 3H), 3.63 (s, 3H), 3.57 (t, J = 9.4 Hz, 1H), 3.48 – 3.35 (m, 

2H), 3.07 (dd, J = 9.8, 8.3 Hz, 1H), 2.83 – 2.68 (m, 2H), 1.31 (t, J = 7.4 Hz, 3H); 13C 

NMR (101 MHz, CDCl3) δ 137.4, 129.1, 128.4, 126.2, 101.3, 85.8, 84.8, 83.2, 81.5, 70.3, 

68.8, 61.5, 61.2, 25.3, 15.2; HRMS (ESI) calcd for C17H24O5SNa [M+Na]+ 363.1236; 

found: 363.1227. 

 

Ethyl 2,3-di-O-methyl-1-thio-β-D-glucopyranoside (137) 

 

Ethanethiol (1.63 mL, 22.0 mmol) and TsOH (27.9 mg, 0.15 mmol) were added to a solu-

tion of compound 136 (250 mg, 0.73 mmol) in dichloromethane (5 mL). The reaction 

mixture was then stirred for 1 h. Triethylamine was added to quench the reaction. The 

solvent was removed in vacuo and the residue was purified by flash chromatography with 

33% hexanes in ethyl acetate to obtain compound 137 (180.6 mg, 0.716 mmol, 97%). 

[α]25
D -62.6 (c 0.86, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.39 (d, J = 9.7 Hz, 1H), 3.88 

(dd, J = 11.9, 3.5 Hz, 1H), 3.76 (dd, J = 11.9, 5.0 Hz, 1H), 3.66 (s, 3H), 3.59 (s, 3H), 3.50 

(t, J = 9.3 Hz, 1H), 3.37 – 3.30 (m, 1H), 3.16 (t, J = 8.9 Hz, 1H), 2.99 (t, J = 9.2 Hz, 1H), 

2.80 – 2.68 (m, 2H), 1.30 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 87.9, 85.3, 



Chapter 5   Catching elusive glycosyl oxocarbenium ions via cold-ion infrared spectroscopy 

148 
 

83.5, 79.1, 70.5, 62.8, 61.3, 60.8, 25.3, 15.2; HRMS (ESI) calcd for C10H20O5SNa 

[M+Na]+ 275.0923; found: 275.0903. 

 

Ethyl 2,3,4,6-tetra-O-methyl-1-thio-β-D-glucopyranoside (127) 

 

Sodium hydride (19.2 mg, 0.476 mmol, 60% wt) was added to a solution of 137 (30 mg, 

0.119 mmol) in DMF (2 mL) at 0 oC. The reaction was stirred for 15 min at room temper-

ature. MeI (0.03 mL, 0.476 mmol) was added and the mixture was stirred for 2 h. The 

reaction was quenched with aq. NH4Cl solution and extracted three times with ethyl ace-

tate. The combined organic layer was washed with brine, dried over Na2SO4 and concen-

trated. The residue was purified by flash chromatography with 15% ethyl acetate in hex-

anes to yield product 127 (28.6 mg, 0.102 mmol, 86%). 

[α]25
D -39.4 (c 0.87, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.27 (d, J = 9.8 Hz, 1H), 3.63 

(s, 3H), 3.60 (dd, J = 10.8, 2.0 Hz, 1H), 3.57 (s, 3H), 3.55 – 3.50 (m, 4H), 3.37 (s, 3H), 

3.25 (ddd, J = 9.5, 4.9, 2.0 Hz, 1H), 3.17 (t, J = 8.7 Hz, 1H), 3.14 – 3.07 (m, 1H), 2.95 

(dd, J = 9.8, 8.5 Hz, 1H), 2.77 – 2.65 (m, 2H), 1.27 (t, J = 7.4 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 88.6, 84.9, 83.5, 79.6, 78.9, 71.6, 61.0, 60.9, 60.6, 59.4, 25.1, 15.0; 

HRMS (ESI) calcd for C12H24O5SNa [M+Na]+ 303.1236; found: 303.1229. 

 

3,4,6-Tri-O-methyl-α-D-glucopyranose 1,2-(methyl orthoacetate)256 (139) 

 

MeONa (8.9 mg, 0.16 mmol) was added to a solution of 3,4,6-tri-O-acetyl-α-D-

glucopyranose 1,2-(methyl orthoacetate) 138 (200 mg, 0.55 mmol) in methanol (4 mL). 
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The reaction mixture was stirred at room temperature for 2 h. After removal of solvent, 

the residue was dissolved in DMF (4 mL) followed by the addition of sodium hydride 

(132 mg, 3.3 mmol, 60% wt) at 0 oC. The reaction was stirred for 15 min at room temper-

ature. MeI (0.21 mL, 3.3 mmol) was added and the mixture was stirred for 2 h. The reac-

tion mixture was quenched with aq. NH4Cl solution and extracted three times with ethyl 

acetate. The combined organic layer was washed with brine, dried over Na2SO4 and con-

centrated. The residue was purified by flash chromatography with 25% ethyl acetate in 

hexanes to give product 139 (113 mg, 0.406 mmol, 74%). 

[α]25
D +103.94 (c 2.02, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 5.69 (d, J = 5.2 Hz, 1H), 

4.37 (ddd, J = 5.3, 3.2, 1.0 Hz, 1H), 3.70 – 3.64 (m, 1H), 3.62 – 3.56 (m, 3H), 3.48 (s, 

3H), 3.45 (s, 3H), 3.40 (s, 3H), 3.33 – 3.26 (m, 4H), 1.67 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 121.3, 97.6, 79.7, 77.0, 74.4, 72.2, 69.8, 59.4, 58.4, 57.9, 50.9, 20.7; HRMS 

(ESI) calcd for C12H22O7Na [M+Na]+ 301.1258; found: 301.1244. 

 

Ethyl 2-O-acetyl-3,4,6-tri-O-methyl-1-thio-β-D-glucopyranoside (128) 

 

Ethanethiol (0.13 mL, 1.8 mmol) and 4Å molecular sieves were added to a solution of 

compound 139 (20 mg, 0.072 mmol) in dichloromethane (3 mL). The mixture was stirred 

for 20 min at room temperature and then cooled down to 0 oC followed by the addition of 

trimethylsilyl triflate (2.6 µL, 14 µmol). After 2 h, triethylamine was added to quench the 

reaction. The reaction was diluted with dichloromethane, washed with aq. NaHCO3 solu-

tion, brine, dried over Na2SO4 and concentrated. The residue was purified by flash chro-

matography with 20% ethyl acetate in hexanes to afford product 128 (18.5 mg, 0.06 

mmol, 83%). 

[α]25
D -11.0 (c 1.12, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.88 (dd, J = 10.0, 8.8 Hz, 1H), 

4.31 (d, J = 10.1 Hz, 1H), 3.66 – 3.58 (m, 2H), 3.53 (s, 6H), 3.39 (s, 3H), 3.36 – 3.21 (m, 

3H), 2.75 – 2.61 (m, 2H), 2.11 (s, 3H), 1.23 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, 
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CDCl3) δ 169.8, 86.2, 83.5, 79.4, 79.3, 71.7, 71.5, 60.7, 60.6, 59.5, 24.0, 21.2, 14.9; 

HRMS (ESI) calcd for C13H24O6SNa [M+Na]+ 331.1185; found: 331.1171. 

 

3,4,6-Tri-O-methyl-β-D-mannopyranose 1,2-(methyl orthoacetate)261 (141) 

 

Sodium methoxide (8.9 mg, 0.16 mmol) was added to a solution of 3,4,6-tri-O-acetyl-β-

D-mannopyranose 1,2-(methyl orthoacetate) 140 (200 mg, 0.55 mmol) in methanol (4 

mL). The reaction was stirred at room temperature for 2 h. After removal of solvent, the 

residue was dissolved in DMF (4 mL) followed by the addition of sodium hydride (132 

mg, 3.3 mmol, 60% wt) at 0 oC. The reaction was stirred for 15 min at room temperature 

and MeI (0.21 mL, 3.3 mmol) was added. After 2 h, the reaction was quenched with aq. 

NH4Cl solution and extracted three times with ethyl acetate. The combined organic layer 

was washed with brine, dried over Na2SO4 and concentrated. The residue was purified by 

flash chromatography with 25% ethyl acetate in hexanes to yield 141 (138 mg, 0.496 

mmol, 90%). 

[α]25
D -3.18 (c 2.24, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 5.40 (d, J = 2.6 Hz, 1H), 4.56 

(t, J = 2.7 Hz, 1H), 3.62 – 3.59 (m, 2H), 3.57 (s, 3H), 3.54 (s, 3H), 3.45 – 3.41 (m, 2H), 

3.40 (s, 3H), 3.35 – 3.28 (m, 4H), 1.71 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 124.0, 

97.7, 81.4, 76.3, 76.0, 74.1, 71.7, 60.8, 59.5, 58.1, 50.0, 24.4; HRMS (ESI) calcd for 

C12H22O7Na [M+Na]+ 301.1258; found: 301.1246. 

 

Ethyl 2-O-acetyl-3,4,6-tri-O-methyl-1-thio-α-D-mannopyranose (132) 
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Ethanethiol (0.13 mL, 1.8 mmol) and 4Å molecular sieves were added to a solution of 

compound 141 (20 mg, 0.072 mmol) in dichloromethane (3 mL). The mixture was stirred 

for 20 min at room temperature and then cooled down to 0 oC followed by the addition of 

trimethylsilyl triflate (2.6 µL, 14 µmol). After 2 h, triethylamine was added to quench the 

reaction. The reaction was diluted with dichloromethane, washed with aq. NaHCO3 solu-

tion, brine, dried over Na2SO4 and concentrated. The residue was purified by flash chro-

matography with 20% ethyl acetate in hexanes to get product 132 (11.2 mg, 0.036 mmol, 

51%). 

[α]25
D +103.2 (c 0.33, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 5.34 (t, J = 1.9 Hz, 1H), 5.27 

(d, J = 1.9 Hz, 1H), 3.99 (qd, J = 4.3, 1.8 Hz, 1H), 3.66 (dd, J = 10.6, 4.3 Hz, 1H), 3.57 

(dd, J = 10.5, 2.0 Hz, 1H), 3.53 (s, 3H), 3.52 – 3.49 (m, 2H), 3.41 (s, 3H), 3.40 (s, 3H), 

2.71 – 2.52 (m, 2H), 2.14 (s, 3H), 1.27 (d, J = 8.0 Hz, 3H); 13C NMR (101 MHz, CDCl3) 

δ 170.6, 82.5, 80.4, 76.2, 71.5, 71.3, 70.3, 60.9, 59.3, 57.7, 25.6, 21.3, 15.0; HRMS (ESI) 

calcd for C13H24O6SNa [M+Na]+ 331.1185; found: 331.1170. 

 

3,4,6-Tri-O-methyl-α-D-galactopyranose 1,2-(methyl orthoacetate) (143) 

 

Sodium methoxide (8.9 mg, 0.16 mmol) was added to a solution of 3,4,6-tri-O-acetyl-α-

D-galactopyranose 1,2-(methyl orthoacetate) 142 (200 mg, 0.55 mmol) in methanol (4 

mL). The reaction mixture was stirred at room temperature for 2 h. After removal of sol-

vent, the residue was dissolved in DMF (4 mL) followed by the addition of sodium hy-

dride (132 mg, 3.3 mmol, 60 % wt) at 0 oC. The reaction was stirred for 15 min at room 

temperature and MeI (0.21 mL, 3.3 mmol) was added. After 2 h, the reaction was 

quenched with aq. NH4Cl solution and extracted three times with ethyl acetate. The com-

bined organic layer was washed with brine, dried over Na2SO4 and concentrated. The res-

idue was purified by flash chromatography with 30% ethyl acetate in hexanes to afford 

product 143 (142.8 mg, 0.513 mmol, 93%). 
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[α]25
D +95.8 (c 1.02, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 5.68 (d, J = 4.5 Hz, 1H), 4.30 

(dd, J = 6.2, 4.5 Hz, 1H), 4.00 (td, J = 6.6, 2.6 Hz, 1H), 3.72 (t, J = 2.6 Hz, 1H), 3.54 – 

3.50 (m, 8H), 3.40 – 3.34 (m, 4H), 3.26 (s, 3H), 1.64 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 122.1, 97.6, 82.7, 79.2, 74.6, 73.0, 70.5, 61.1, 59.4, 57.7, 49.8, 24.5; HRMS 

(ESI) calcd for C12H22O7Na [M+Na]+ 301.1257; found: 301.1241. 

 

Ethyl 2-O-acetyl-3,4,6-tri-O-methyl-1-thio-β-D-galactopyranoside (133) 

 

Ethanethiol (0.26 mL, 3.6 mmol) and 4Å molecular sieves were added to a solution of 

compound 143 (40 mg, 0.14 mmol) in dichloromethane (3 mL). The mixture was stirred 

for 20 min at room temperature. Then the system was cooled down to 0 oC followed by 

the addition of trimethylsilyl triflate (5.2 µL, 28 µmol). After 2 h, triethylamine was add-

ed to quench the reaction. The mixture was diluted with dichloromethane, washed with 

aq. NaHCO3 solution, brine, dried over Na2SO4 and concentrated. The residue was puri-

fied by flash chromatography with 20% ethyl acetate in hexanes to obtain product 133 

(30.9 mg, 0.10 mmol, 71%) as a colorless oil. 

[α]25
D -13.2 (c 1.26, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 5.22 (t, J = 9.8 Hz, 1H), 4.31 

(d, J = 9.9 Hz, 1H), 3.74 (d, J = 2.9 Hz, 1H), 3.62 – 3.51 (m, 6H), 3.44 (s, 3H), 3.38 (s, 

3H), 3.28 (dd, J = 9.7, 2.9 Hz, 1H), 2.78 – 2.59 (m, 2H), 2.08 (s, 3H), 1.22 (t, J = 7.5 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 169.9, 83.7, 83.6, 76.8, 74.5, 70.8, 69.5, 61.4, 59.3, 

58.0, 23.6, 21.2, 14.8; HRMS (ESI) calcd for C13H24O6SNa [M+Na]+ 331.1185; found: 

331.1168. 

 

Ethyl 4,6-O-benzylidene-3-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (144) 
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Dibutyltin oxide (438 mg, 1.76 mmol) was added to a solution of compound 135 (500 

mg, 1.60 mmol) in methanol (5 mL). The reaction mixture was refluxed at 70 oC for 6 h. 

The reaction mixture was then cooled down, concentrated in vacuo and co-evaporated 

with toluene twice. After being under high vacuum overnight, the residue was dissolved 

in DMF (5 mL). 2-Naphthylmethyl bromide (531 mg, 2.40 mmol) and cesium fluoride 

(316 mg, 2.08 mmol) were added and the mixture was stirred for 6 h at 50 oC. The solvent 

was removed and the residue was dissolved in dichloromethane, washed with brine, dried 

over Na2SO4 and concentrated in vacuo. The residue was purified by flash chromatog-

raphy with 20% ethyl acetate in hexanes to get product 144 (610 mg, 1.35 mmol, 84%) as 

a white solid. 

NMR data is in accordance with previously reported values.262 

 

Ethyl 3-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (145) 

 

Ethanethiol (0.84 mL, 11.3 mmol) and TsOH (14.4 mg, 0.076 mmol) were added to a 

solution of compound 144 (171 mg, 0.378 mmol) in dichloromethane (4 mL). The reac-

tion mixture was stirred for 1 h and then triethylamine was added to quench the reaction. 

The solvent was removed in vacuo and the residue was purified by flash chromatography 

with 33% hexanes in ethyl acetate to give compound 145 (119 mg, 0.327 mmol, 86%). 

[α]25
D -65.4 (c 2.01, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.88 – 7.77 (m, 4H), 7.55 – 

7.43 (m, 3H), 5.16 (d, J = 11.8 Hz, 1H), 4.94 (d, J = 11.8 Hz, 1H), 4.35 (d, J = 9.5 Hz, 

1H), 3.87 (dd, J = 12.0, 3.4 Hz, 1H), 3.75 (dd, J = 12.0, 5.0 Hz, 1H), 3.62 (t, J = 10.2 Hz, 

1H), 3.53 (t, J = 8.8 Hz, 1H), 3.45 (t, J = 8.7 Hz, 1H), 3.36 (ddd, J = 9.7, 5.0, 3.4 Hz, 1H), 

2.80 – 2.64 (m, 2H), 1.31 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 135.9, 

133.4, 133.2, 128.7, 128.1, 127.9, 127.0, 126.4, 126.2, 126.0, 86.7, 85.1, 79.5, 74.9, 73.3, 

70.2, 62.8, 24.8, 15.5; HRMS (ESI) calcd for C19H24O5SNa [M+Na]+ 387.1236; found: 

387.1223. 
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Ethyl 2,4,6-tri-O-methyl-3-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (146) 

 

Sodium hydride (30.9 mg, 0.772 mmol, 60% wt) was added to a solution of 145 (67 mg, 

0.184 mmol) in DMF (3 mL) at 0 oC. The reaction was stirred for 15 min at room temper-

ature. MeI (0.048 mL, 0.772 mmol) was added and the mixture was stirred for 2 h. The 

reaction was quenched with aq. NH4Cl solution and extracted three times with ethyl ace-

tate. The combined organic layer was washed with brine, dried over Na2SO4 and concen-

trated. The residue was purified by flash chromatography with 15% ethyl acetate in hex-

anes to afford product 146 (70.5 mg, 0.173 mmol, 94%) as a white solid. 

[α]25
D -18.9 (c 0.93, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.89 – 7.78 (m, 4H), 7.57 – 

7.44 (m, 3H), 5.04 (d, J = 11.3 Hz, 1H), 4.99 (d, J = 11.3 Hz, 1H), 4.34 (d, J = 9.8 Hz, 

1H), 3.67 – 3.61 (m, 4H), 3.59 – 3.51 (m, 5H), 3.40 (s, 3H), 3.34 – 3.29 (m, 1H), 3.27 

(dd, J = 9.8, 8.5 Hz, 1H), 3.11 (dd, J = 9.8, 8.8 Hz, 1H), 2.75 (qd, J = 7.5, 3.7 Hz, 2H), 

1.31 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 136.3, 133.4, 133.1, 128.2, 128.0, 

127.8, 126.6, 126.2, 126.1, 126.0, 86.7, 85.1, 83.6, 79.8, 79.1, 75.6, 71.6, 61.2, 60.9, 59.5, 

25.2, 15.1; HRMS (ESI) calcd for C22H30O5SNa [M+Na]+ 429.1706; found: 429.1702. 

 

Ethyl 2,4,6-tri-O-methyl-1-thio-β-D-glucopyranoside (147) 

 

DDQ (51 mg, 0.225 mmol) was added to a solution of 146 (61 mg, 0.150 mmol) in 

DCM/H2O (2.2 mL, 10/1 v/v) at 0 oC. The reaction was stirred for 2 h at room tempera-

ture and then diluted with dichloromethane. The mixture was washed with aq. NaHCO3 

solution, brine, dried over Na2SO4 and concentrated. The residue was purified by flash 
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chromatography with 35% ethyl acetate in hexanes to give product 147 (39 mg, 0.146 

mmol, 98%) as a colorless oil. 

[α]25
D -39.0 (c 0.99, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.32 (d, J = 9.7 Hz, 1H), 3.67 – 

3.61 (m, 4H), 3.60 – 3.53 (m, 5H), 3.39 (s, 3H), 3.30 (ddd, J = 9.7, 4.7, 2.0 Hz, 1H), 3.19 

(dd, J = 9.7, 8.9 Hz, 1H), 2.99 (dd, J = 9.7, 8.8 Hz, 1H), 2.74 (qd, J = 7.4, 2.5 Hz, 2H), 

1.30 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 84.7, 83.2, 79.3, 78.8, 78.5, 71.6, 

61.2, 60.7, 59.5, 25.2, 15.0; HRMS (ESI) calcd for C11H22O5SNa [M+Na]+ 289.1080; 

found: 289.1063. 

 

Ethyl 3-O-acetyl-2,4,6-tri-O-methyl-1-thio-β-D-glucopyranoside (129) 

 

Triethylamine (42 µL, 0.304 mmol), Ac2O (29 µL, 0.304 mmol) and DMAP (2.5 mg, 

0.02 mmol) were added into a solution of 147 (27 mg, 0.101 mmol) in dichloromethane 

(2 mL). After 2 h, the mixture was diluted with dichloromethane, washed with aq. Na-

HCO3 solution, brine, dried over Na2SO4 and concentrated in vacuo. The crude was fur-

ther purified by flash chromatography with 30% ethyl acetate in hexane to afford product 

129 (30.7 mg, 0.1 mmol, 98%) as a colorless oil. 

[α]25
D -16.0 (c 1.37, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 5.10 (t, J = 9.1 Hz, 1H), 4.38 

(d, J = 9.8 Hz, 1H), 3.64 (dd, J = 10.8, 1.9 Hz, 1H), 3.57 (dd, J = 10.8, 4.1 Hz, 1H), 3.48 

(s, 3H), 3.41 (s, 3H), 3.39 (s, 3H), 3.36 (dd, J = 4.1, 1.9 Hz, 1H), 3.32 (t, J = 10.2 Hz, 

1H), 3.09 (t, J = 9.5 Hz, 1H), 2.74 (qd, J = 7.5, 3.5 Hz, 2H), 2.14 (s, 3H), 1.30 (t, J = 7.4 

Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 170.2, 84.8, 81.3, 78.6, 77.6, 77.5, 71.2, 60.4, 

60.1, 59.4, 25.3, 21.2, 15.0; HRMS (ESI) calcd for C13H24O6SNa [M+Na]+ 331.1185; 

found: 331.1173. 

 

Ethyl 6-O-(4,4’-dimethoxytrityl)-2,3-di-O-methyl-1-thio-β-D-glucopyranoside (148) 
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DMAP (7.8 mg, 0.063 mmol) and pyridine (0.128 mL, 1.59 mmol) were added to a solu-

tion of 137 (80 mg, 0.317 mmol) in dichloromethane (5 mL), followed by the addition of 

DMTCl (118 mg, 0.349 mmol). The reaction was stirred for 3 h at room temperature and 

quenched by saturated aq. NaHCO3 solution. The aqueous layer was then extracted three 

times with dichloromethane. The combined organic layer was dried over Na2SO4 and 

concentrated in vacuo. The residue was purified by flash chromatography with 25% ethyl 

acetate in hexanes to yield 148 (163 mg, 0.294 mmol, 93%) as a pale yellow oil. 

Two rotamers: 1H NMR (400 MHz, CDCl3) δ 7.49 – 7.42 (m, 1H), 7.37 – 7.28 (m, 6H), 

7.26 – 7.15 (m, 2H), 6.90 – 6.81 (m, 4H), 4.41 (dd, J = 11.7, 9.7 Hz, 1H), 3.96 – 3.85 (m, 

1H), 3.82 (d, J = 4.9 Hz, 6H), 3.69 (d, J = 3.2 Hz, 3H), 3.63 (d, J = 1.5 Hz, 3H), 3.58 – 

3.48 (m, 1H), 3.45 – 3.33 (m, 2H), 3.18 (td, J = 8.8, 3.7 Hz, 1H), 3.09 – 2.98 (m, 1H), 

2.87 – 2.69 (m, 2H), 1.34 (td, J = 7.4, 3.5 Hz, 3H). 

 

Ethyl 2,3-di-O-methyl-4-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (149) 

 

Sodium hydride (19.8 mg, 0.494 mmol, 60% wt) was added to a solution of 148 (137 mg, 

0.247 mmol) in DMF (3 mL) at 0 oC. The reaction was stirred for 15 min at room temper-

ature. NAPBr (109 mg, 0.494 mmol) was added and the mixture was stirred for 2 h. The 

reaction was quenched with aq. NH4Cl solution and extracted with ethyl acetate three 

times. The combined organic layer was washed with brine, dried over Na2SO4 and con-

centrated. The residue was dissolved in DCM/MeOH (4.5 mL, 8:1 v/v) followed by the 

addition of 50% aq.TFA solution (21 µL, 0.272 mmol). The reaction was stirred at room 

temperature for 2 h and quenched with aq NaHCO3 solution. The aqueous layer was ex-
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tracted three times with dichloromethane and the combined organic layer was washed by 

brine, dried over Na2SO4 and concentrated. The residue was purified by flash chromatog-

raphy with 25% ethyl acetate in hexanes to give product 149 (81 mg, 0.25 mmol, 83%) as 

a colorless oil. 

[α]25
D -26.7 (c 0.99, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.88 – 7.73 (m, 4H), 7.54 – 

7.39 (m, 3H), 5.01 (d, J = 11.2 Hz, 1H), 4.81 (d, J = 11.2 Hz, 1H), 4.38 (d, J = 9.8 Hz, 

1H), 3.87 (dd, J = 12.0, 2.7 Hz, 1H), 3.71 (s, 3H), 3.70 – 3.66 (m, 1H), 3.63 (s, 3H), 3.49 

(dd, J = 9.7, 9.0 Hz, 1H), 3.40 – 3.31 (m, 2H), 3.01 (dd, J = 9.8, 8.7 Hz, 1H), 2.74 (qd, J 

= 7.4, 3.1 Hz, 2H), 1.31 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 135.6, 133.4, 

133.1, 128.4, 128.1, 127.8, 127.0, 126.3, 126.1, 126.1, 88.7, 85.2, 83.8, 79.2, 77.6, 75.2, 

62.4, 61.3, 61.1, 25.3, 15.2; HRMS (ESI) calcd for C21H28O5SNa [M+Na]+ 415.1549; 

found: 415.1541. 

 

Ethyl 2,3,6-tri-O-methyl-4-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (150) 

 

Sodium hydride (14.6 mg, 0.364 mmol, 60% wt) was added to a solution of 149 (71.5 mg, 

0.182 mmol) in DMF (3 mL) at 0 oC. The reaction was stirred for 15 min at room temper-

ature. MeI (0.023 mL, 0.364 mmol) was then added and the mixture was stirred for 2 h. 

The reaction was quenched with aq. NH4Cl solution and extracted three times with ethyl 

acetate. The combined organic layer was washed with brine, dried over Na2SO4 and con-

centrated. The residue was purified by flash chromatography with 25% ethyl acetate in 

hexanes to afford product 150 (72 mg, 0.18 mmol, 97%) as a white solid. 

[α]25
D -25.0 (c 0.82, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.88 – 7.76 (m, 4H), 7.54 – 

7.42 (m, 3H), 5.00 (d, J = 11.2 Hz, 1H), 4.78 (d, J = 11.2 Hz, 1H), 4.32 (d, J = 9.8 Hz, 

1H), 3.69 (s, 3H), 3.66 – 3.60 (m, 4H), 3.57 (dd, J = 8.0, 4.0 Hz, 1H), 3.52 (t, J = 10.2 Hz, 

1H), 3.41 – 3.36 (m, 1H), 3.36 – 3.29 (m, 4H), 3.04 (dd, J = 9.8, 8.6 Hz, 1H), 2.81 – 2.67 

(m, 2H), 1.30 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 135.9, 133.4, 133.1, 
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128.3, 128.0, 127.8, 126.8, 126.3, 126.2, 126.1, 88.8, 85.1, 83.8, 78.9, 77.7, 75.1, 71.6, 

61.3, 61.0, 59.5, 25.2, 15.1; HRMS (ESI) calcd for C22H30O5SNa [M+Na]+ 429.1706; 

found: 429.1704. 

 

Ethyl 2,3,6-tri-O-methyl-1-thio-β-D-glucopyranoside (151) 

 

DDQ (52 mg, 0.23 mmol) was added to a solution of 150 (62 mg, 0.153 mmol) in 

DCM/H2O (2.2 mL, 10/1 v/v) at 0 oC. The reaction mixture was stirred for 2 h at room 

temperature and then diluted with dichloromethane. The mixture was washed with aq. 

NaHCO3 solution, brine, dried over Na2SO4 and concentrated. The residue was purified 

by flash chromatography with 35% ethyl acetate in hexanes to yield product 151 (40.8 

mg, 0.153 mmol, 99%) as a colorless oil. 

[α]25
D -71.8 (c 1.63, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.35 (d, J = 9.7 Hz, 1H), 3.66 

(s, 3H), 3.63 (dd, J = 4.6, 3.5 Hz, 2H), 3.59 (s, 3H), 3.49 (t, J = 9.2 Hz, 1H), 3.42 – 3.34 

(m, 4H), 3.15 (t, J = 8.8 Hz, 1H), 3.00 (dd, J = 9.7, 8.7 Hz, 1H), 2.86 (s, 1H), 2.72 (qd, J 

= 7.4, 4.6 Hz, 2H), 1.29 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 87.9, 85.1, 

83.2, 77.8, 73.0, 71.7, 61.2, 60.8, 59.7, 25.2, 15.1; HRMS (ESI) calcd for C11H22O5SNa 

[M+Na]+ 289.1080; found: 289.1065. 

 

Ethyl 4-O-acetyl-2,3,6-tri-O-methyl-1-thio-β-D-glucopyranoside (130) 

 

Triethylamine (39 µL, 0.28 mmol), Ac2O (26 µL, 0.28 mmol) and DMAP (2.3 mg, 0.019 

mmol) were added into a solution of 151 (25 mg, 0.093 mmol) in dichloromethane (2 
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mL). After 2 h, the mixture was diluted with dichloromethane, washed with aq. NaHCO3 

solution, brine, dried over Na2SO4 and concentrated in vacuo. The crude was purified by 

flash chromatography with 30% ethyl acetate in hexanes to get product 130 (27.2 mg, 

0.093 mmol, 94%) as a colorless oil. 

[α]25
D -36.3 (c 1.71, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.83 (t, J = 9.6 Hz, 1H), 4.34 

(d, J = 9.8 Hz, 1H), 3.59 (s, 3H), 3.53 (s, 3H), 3.49 – 3.43 (m, 1H), 3.43 – 3.38 (m, 2H), 

3.32 (s, 3H), 3.27 (t, J = 9.0 Hz, 1H), 3.06 (dd, J = 9.8, 8.7 Hz, 1H), 2.73 (qd, J = 7.4, 4.0 

Hz, 2H), 2.09 (s, 3H), 1.30 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 169.9, 

85.8, 85.0, 83.0, 77.4, 72.3, 70.9, 61.0, 60.8, 59.6, 25.1, 21.1, 15.1; HRMS (ESI) calcd for 

C13H24O6SNa [M+Na]+ 331.1185; found: 331.1170. 

 

Ethyl 6-O-(4,4’-dimethoxytrityl)-2,3,4,-tri-O-methyl-1-thio-β-D-glucopyranoside 

(152) 

 

Sodium hydride (20.6 mg, 0.516 mmol, 60% wt) was added to a solution of 148 (143 mg, 

0.258 mmol) in DMF (3 mL) at 0 oC. The reaction was stirred for 15 min at room temper-

ature. MeI (0.032 mL, 0.516 mmol) was added and the mixture was stirred for 2 h. The 

reaction was quenched with aq. NH4Cl solution and extracted three times with ethyl ace-

tate. The combined organic layer was washed with brine, dried over Na2SO4 and concen-

trated. The residue was purified by flash chromatography with 20% ethyl acetate in hex-

anes to afford product 152 (144 mg, 0.253 mmol, 98%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.53 – 7.45 (m, 2H), 7.40 – 7.32 (m, 4H), 7.28 – 7.24 (m, 

2H), 7.21 – 7.10 (m, 1H), 6.79 (d, J = 8.5 Hz, 4H), 4.35 (d, J = 9.6 Hz, 1H), 3.77 (s, 6H), 

3.63 (s, 3H), 3.62 (s, 3H), 3.40 (dd, J = 10.2, 1.8 Hz, 1H), 3.35 (t, J = 9.4 Hz, 1H), 3.31 

(s, 3H), 3.22 (ddd, J = 9.9, 4.2, 1.7 Hz, 1H), 3.15 (t, J = 8.7 Hz, 1H), 3.10 – 3.01 (m, 2H), 

2.90 – 2.71 (m, 2H), 1.36 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 158.5, 

145.1, 136.5, 136.2, 130.3, 130.2, 129.3, 128.4, 128.0, 127.8, 126.8, 113.3, 113.1, 113.1, 
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88.7, 85.8, 84.3, 83.6, 79.9, 78.8, 62.6, 61.2, 61.0, 60.6, 55.3, 24.6, 15.4; HRMS (ESI) 

calcd for C32H40O7SNa [M+Na]+ 591.2386; found: 591.2411. 

 

Ethyl 2,3,4,-tri-O-methyl-1-thio-β-D-glucopyranoside (153) 

 

Compound 152 (92 mg, 0.162 mmol) was dissolved in DCM/MeOH (4 mL, 8:1 v/v) fol-

lowed by the addition of 50% aq.TFA solution (14 µL, 0.178 mmol). The reaction was 

stirred for 2 h at room temperature and quenched with aq NaHCO3 solution. The aqueous 

layer was extracted three times with dichloromethane and the combined organic layer was 

washed by brine, dried over Na2SO4 and concentrated. The residue was purified by flash 

chromatography with 28% ethyl acetate in hexanes to give product 153 (40 mg, 0.15 

mmol, 93%) as a colorless oil. 

[α]25
D -44.3 (c 1.03, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.33 (d, J = 9.9 Hz, 1H), 3.85 

(dd, J = 12.0, 2.7 Hz, 1H), 3.69 (dd, J = 12.0, 4.7 Hz, 1H), 3.65 (s, 3H), 3.59 (s, 3H), 3.55 

(s, 3H), 3.26 – 3.18 (m, 2H), 3.16 – 3.10 (m, 1H), 2.94 (t, J = 9.2 Hz, 1H), 2.77 – 2.65 (m, 

2H), 1.30 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 88.5, 85.1, 83.5, 79.7, 79.2, 

62.3, 61.1, 61.0, 60.7, 25.3, 15.2; HRMS (ESI) calcd for C11H22O5SNa [M+Na]+ 

289.1080; found: 289.1065. 

 

Ethyl 6-O-acetyl-2,3,4,-tri-O-methyl-1-thio-β-D-glucopyranoside (131) 

 

Triethylamine (30 µL, 0.214 mmol), Ac2O (20 µL, 0.214 mmol) and DMAP (1.7 mg, 

0.014 mmol) were added into a solution of 153 (19 mg, 0.071 mmol) in dichloromethane 
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(2 mL). After 2 h, the mixture was diluted with dichloromethane, washed with aq. Na-

HCO3 solution, brine, dried over Na2SO4 and concentrated in vacuo. The crude was puri-

fied by flash chromatography with 20% ethyl acetate in hexanes to yield 131 (21.6 mg, 

0.070 mmol, 98%) as a colorless oil. 

[α]25
D -33.5 (c 0.84, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.34 – 4.27 (m, 2H), 4.17 (dd, 

J = 11.9, 6.0 Hz, 1H), 3.65 (s, 3H), 3.59 (s, 3H), 3.51 (s, 3H), 3.37 (ddd, J = 9.9, 6.0, 2.2 

Hz, 1H), 3.21 (t, J = 8.8 Hz, 1H), 3.06 (dd, J = 9.9, 8.9 Hz, 1H), 2.97 (dd, J = 9.8, 8.7 Hz, 

1H), 2.77 – 2.64 (m, 2H), 2.07 (s, 3H), 1.30 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 171.0, 88.6, 85.1, 83.5, 79.9, 76.9, 63.7, 61.1, 61.0, 60.7, 25.3, 21.0, 15.2; 

HRMS (ESI) calcd for C13H24O6SNa [M+Na]+ 331.1185; found: 331.1174. 

 

Ethyl 4-O-benzyl-2,3,6-tri-O-methyl-1-thio-β-D-galactopyranoside (154) 

 

Borane tetrahydrofuran complex solution (4.8 mL, 4.8 mmol, 1 M in THF) and TMSOTf 

(26 µL, 0.14 mmol) were added to a solution of ethyl 4,6-O-benzylidene-β-D-

galactopyranoside 36 (300 mg, 0.96 mmol) in dichloromethane (5 mL). The reaction mix-

ture was stirred for 1 h at room temperature. Triethylamine was then added to quench the 

reaction followed by the addition of methanol. The solvent was removed in vacuo and the 

residue was used directly in the next step without further purification. 

Sodium hydride (173 mg, 4.32 mmol, 60% wt) was added to a solution of crude in DMF 

(5 mL) at 0 oC. The reaction was stirred for 15 min at room temperature. MeI (0.27 mL, 

4.32 mmol) was added and the mixture was stirred for 2 h. The reaction was quenched 

with aq. NH4Cl solution and extracted three times with ethyl acetate. The combined or-

ganic layer was washed with brine, dried over Na2SO4 and concentrated. The residue was 

purified by flash chromatography with 15% ethyl acetate in hexanes to give product 154 

(307.4 mg, 0.86 mmol, 90% over two steps) as a colorless oil. 
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1H NMR (400 MHz, CDCl3) δ 7.41 – 7.30 (m, 5H), 4.90 (d, J = 11.8 Hz, 1H), 4.61 (d, J = 

11.8 Hz, 1H), 4.31 (d, J = 9.6 Hz, 1H), 3.91 (dd, J = 3.0, 0.8 Hz, 1H), 3.61 (s, 3H), 3.49 

(s, 3H), 3.49 – 3.44 (m, 3H), 3.42 (t, J = 9.4 Hz, 1H), 3.27 (s, 3H), 3.20 (dd, J = 9.2, 2.9 

Hz, 1H), 2.72 (qt, J = 7.3, 5.8 Hz, 2H), 1.28 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 138.8, 128.3, 128.2, 127.6, 86.4, 85.3, 80.0, 74.4, 72.4, 71.2, 61.3, 59.2, 58.4, 

24.9, 15.0; HRMS (ESI) calcd for C18H28O5SNa [M+Na]+ 379.1549; found: 379.1534. 

 

Ethyl 2,3,6-tri-O-methyl-1-thio-β-D-galactopyranoside (155) 

 

Ammonia (g) was liquefied at -78 oC to get 30 mL NH3 (l) in a 50 mL two-neck flask with a 

stirring bar inside. Compound 154 (100 mg, 0.28 mmol) was dissolved in 1 mL THF and 

2 drops of MeOH, which was transferred into the NH3 (l). A thin piece of Na (s) was added 

into the flask and the color of the mixture turned dark blue. No more sodium was added if 

the reaction mixture stayed dark blue. The mixture was stirred for 30 min at -78 oC. Then 

MeOH (1 mL) was added dropwise to quench the reaction and the solution turned to 

transparent immediately. The reaction system was warmed to room temperature, diluted 

with ethyl acetate, washed with aq. NH4Cl solution, brine, dried over Na2SO4 and concen-

trated. The residue was purified by flash column chromatography with 30% acetone in 

hexanes to obtain compound 155 (39 mg, 0.146 mmol, 52 %). 

[α]25
D -24.9 (c 0.71, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 4.30 (d, J = 9.6 Hz, 1H), 4.09 

(dd, J = 3.3, 1.1 Hz, 1H), 3.67 (dd, J = 9.9, 5.8 Hz, 1H), 3.60 (dd, J = 10.0, 5.6 Hz, 1H), 

3.57 (s, 3H), 3.50 (dd, J = 5.8, 1.1 Hz, 1H), 3.49 (s, 3H), 3.38 (s, 3H), 3.26 (t, J = 9.3 Hz, 

1H), 3.18 (dd, J = 8.9, 3.2 Hz, 1H), 2.73 (m, 2H), 1.28 (t, J = 7.5 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 85.0, 84.6, 79.4, 76.7, 71.9, 66.2, 61.3, 59.6, 57.6, 24.9, 15.0; HRMS 

(ESI) calcd for C11H22O5SNa [M+Na]+ 289.1080; found: 289.1057. 

 

Ethyl 4-O-acetyl-2,3,6-tri-O-methyl-1-thio-β-D-galactopyranoside (134) 
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Triethylamine (46 µL, 0.329 mmol), Ac2O (30 µL, 0.329 mmol) and DMAP (2.7 mg, 

0.022 mmol) were added into a solution of 155 (29.2 mg, 0.110 mmol) in dichloro-

methane (2 mL). After 2 h, the mixture was diluted with dichloromethane, washed with 

aq. NaHCO3 solution, brine, dried over Na2SO4 and concentrated in vacuo. The crude was 

purified by flash chromatography with 20% acetone in hexanes to afford product 134 

(31.8 mg, 0.103 mmol, 94%) as a colorless oil. 

[α]25
D -25.5 (c 1.24, CHCl3); 

1H NMR (600 MHz, CDCl3) δ 5.47 (dd, J = 3.4, 1.0 Hz, 1H), 

4.36 (d, J = 9.5 Hz, 1H), 3.63 (td, J = 6.0, 1.1 Hz, 1H), 3.57 (s, 3H), 3.47 (dd, J = 9.9, 6.2 

Hz, 1H), 3.41 (s, 3H), 3.37 (dd, J = 10.0, 5.9 Hz, 1H), 3.32 (s, 3H), 3.24 (dd, J = 9.1, 3.3 

Hz, 1H), 3.19 (t, J = 9.3 Hz, 1H), 2.75 (qd, J = 7.5, 5.7 Hz, 2H), 2.13 (s, 3H), 1.30 (t, J = 

7.4 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 170.5, 85.4, 83.5, 79.5, 76.1, 71.3, 66.8, 

61.4, 59.5, 57.9, 25.2, 21.0, 15.0; HRMS (ESI) calcd for C13H24O6SNa [M+Na]+ 

331.1185; found: 331.1172. 
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Chapter 6 

Conclusion and outlook 

Cell surface polysaccharides of bacteria are playing important roles in the interactions 

between pathogens, their hosts and the environment. Identifying and harnessing their 

structural and functional features offers excellent opportunities for the diagnosis of infec-

tions and their prevention. In this dissertation, using the tool of organic chemistry, various 

oligosaccharide derivatives have been synthesized to investigate bacterial capsular poly-

saccharides (CPSs) and teichoic acids (TAs) to find possible solutions to combat the 

harmful bacteria. 

Semisynthetic glycoconjugate vaccines, comprising a synthetic oligosaccharide antigen 

derived from CPS and a carrier protein, have emerged as an attractive option with great 

potential to understand glycan immunology and rationally design efficacious vaccines 

against bacteria. Since glycosylation reactions are laborious and making higher oligomers 

is still challenging, a unique design concept was considered to develop novel semisyn-

thetic glycoconjugates as vaccine candidates wherein RUs of CPS were bridged using an 

aliphatic spacer through amide linkage formation, thereby eliminating the glycosidic link-

ages between RUs. 

Based on this concept, a branched tetrasaccharide RU of CPS from S. pneumoniae sero-

type 14, which has been identified as the smallest oligosaccharide fragment required to 

induce specific Pn14PS antibodies, was chosen to synthesize the spacer bridged oligosac-

charide derivatives. All the synthetic glycan derivatives were conjugated to carrier protein 

CRM197 using homobifunctional reagent, adipate 4-nitro phenyl diester, under mild con-

dition. The conjugates formulated with adjuvant aluminum hydroxide were immunologi-

cally evaluated in mice. Both glycan array and ELISA analysis of the immune sera 

demonstrated that the aliphatic spacer did not decrease the antigenicity and immunogenic-

ity. Interestingly, the specific Pn14PS antibody response raised against these derivatives 

were significantly higher after only two immunizations when compared with the branched 

tetrasaccharide RU only. 
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In a broader sense, this strategy reported in this dissertation is of relevance for the future 

design of semisynthetic glycoconjugate vaccines, making the synthesis of carbohydrate 

antigens simpler and more efficient. It also offers an efficient way to co-deliver multiple 

glycan antigens by bridging different glycotopes with spacer, thereby reducing the num-

ber of biomolecules in the formulation of multivalent vaccines. Furthermore, fine-tuning 

spacers of various length and rigidity might help to decipher the interaction between gly-

can epitopes and recognition receptors on APCs, uncovering the process of glycan immu-

nology. 

As anionic glycopolymers, TAs account for as much as 60% of the total cell wall mass in 

some Gram-positive organisms. Due to their role in antibiotic resistance, there has been a 

growing interest in TAs as targets for new therapeutics to overcome resistant bacterial 

infections. In order to better understand their structures and functions, efforts have been 

made in this thesis to decipher their biosynthesis process. A fragment of the WTA from S. 

aureus, D-ribitol-5-phosphate trimer, was synthesized and soaked into the crystal struc-

ture of glycosyltransferase TarP, which modifies WTA with N-GlcNAc, to characterize 

their binding domain. Site-directed mutagenesis of TarP revealed the critical residues for 

enzyme activity. The structure and catalytic mechanism of TarP therefore provide a valu-

able platform for rational therapeutic design in the treatment of methicillin-resistant S. 

aureus (MRSA), which causes life-threatening infections worldwide. 

As described in this dissertation, synthetic oligosaccharides are useful tools to investigate 

the biological process of the pathogen, thereby fighting against the harmful infections. 

Despite the progress that has been achieved in carbohydrate chemistry, the assembly of 

large complex oligosaccharides still remains a time-consuming task reserved for special-

ists. Still very little is known about controlling glycosylation reactions as the reaction 

conditions developed for one substrate are not amenable or general enough for others as 

would be in the case of peptide or oligonucleotide synthesis. Further efforts in this disser-

tation were focused on glycosylation reactions from two different angles. The inexpensive 

reagent, 1,3-dibromo-5,5-dimethylhydantoin, has been demonstrated as a powerful pro-

moter for thioglycosides, which are versatile glycosyl donors commonly used in oligosac-

charide assembly, both in solution and automated glycan assembly on solid support. A 

variety of glycosyl donors have been investigated with promising yields. Compared with 
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previously reported promoters, this promoter offers a better option due to its ready availa-

bility, high solubility and shelf-stability. 

The challenge in synthetic carbohydrate chemistry has pointed to the necessity to gain 

insights into the in-depth mechanism of glycosylation reaction. It is generally accepted 

that the mechanism involves and is strongly affected by the key transient ionic species, 

glycosyl oxocarbenium ions, which have not been observed experimentally. Attempt has 

been made in this thesis to catch and characterize glycosyl cations using cold-ion infrared 

spectroscopy to get empirical evidence for the mechanism. Various monosaccharide do-

nors with different protecting-group patterns were synthesized for this purpose. A com-

prehensive knowledge of glycosylation was gained by generation and conformational 

analysis of the glycosyl cations, based on which a universal method might be able to be 

developed to facilitate the development of glycoscience field. 
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7 Appendix 

Synthesis of building blocks for semisynthetic glycoconjugate 

vaccine candidate against S. pneumoniae serotype 5†† 

 

7.1 Introduction 

S. pneumoniae serotype 5 is the fifth most prevalent serotype of S. pneumoniae, causing 

invasive pneumococcol disease among young children globally (see Figure 2.2 in chapter 

2).106 The CPS of ST-5 contains a branched pentasaccharide repeating unit (Figure 7.1).10, 

11, 263 In this repeating unit, a central N-acetyl-L-fucosamine (L-FucNAc) is linked to D-

glucose at C4 and to D-glucuronic acid at the C-3 position. Two rare sugars, the ke-

toamino sugar 2-acetamido-2,6-dideoxy-D-xylose-hexos-4-ulose (Sugp) and N-acetyl-L-

pneumosamine (L-PneuNAc), are included. 

OO
HO
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OH O NHAc

O

OHO
HO

O
O

O
HO

O
O

NHAc

O

O

HOOH NHAc

O

 

Figure 7.1: Repeating unit of ST-5 CPS. 

Marketed glycoconjugate vaccines, which are manufactured from either native or depol-

ymerized CPS, are not fully efficacious in preventing ST-5 infections. The keto group 

presented in the rare sugar Sugp is partially or fully reduced to form a mixture of ST5 

CPS components and degrades during ST-5 glycoconjugation production, leading to 

                                                            
†† Lisboa, M. P.; Khan, N.; Martin, C.; Xu, F.-F.; Reppe, K.; Geissner, A.; Govindan, S.; Witzenrath, M.; 
Pereira, C. L.; Seeberger, P. H., Proc. Natl. Acad. Sci. USA 2017, 114, 11063-11068. 
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manufacturing issues264 and decreased immunogenicity compared with the native ST-5 

CPS. 

To solve this issue, synthetic oligosaccharides with defined structures are explored to 

develop semisynthetic glycoconjugate vaccines against ST-5. 

 

7.2 Results and discussion 

A retrosynthetic analysis of ST-5 repeating unit equipped with a reducing end linker 156, 

which could be conjugated to carrier protein CRM197, revealed the need for five different 

monosaccharide building blocks 91, 94, 157 to 159 (Figure 7.2). 
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Figure 7.2: Retrosynthetic analysis of ST-5 repeating unit 156. 

 

Glucosyl building block 91 was prepared by following the established procedure.225 

The synthesis of building block 94 commenced with ethyl 4,6-O-benzylidene-1-thio-β-D-

glycopyranoside255 135 (Scheme 7.1). Benzyl group was regioselectively installed at the 

C-3 position of the diol 135 using tin-mediated method to produce 160265, which was 

treated with NAPBr in the presence of sodium hydride to obtain 161. Attempts to open 

benzylidene acetal with borane and TMSOTf to get 165 directly failed due to the impurity 
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of commercial reagent borane in THF. Therefore a circuitous strategy using DMT as tem-

porary protecting group was applied to furnish 165 in four steps. TEMPO-mediated oxi-

dation of primary C6 hydroxyl group resulted in the carboxylic acid derivative 166, which 

was further coupled with benzyl alcohol to yield 167. Building block 94 was achieved by 

conversion of NAP group into with levulinoyl group at the C-2 position. 

 

Scheme 7.1: Synthesis of building block 94. 

 

Further studies of this project were mainly carried out by Dr. Marilda P. Lisboa and Dr. 

Naeem Khan. This study was published in journal of Proceedings of the National Acade-

my of Sciences of the United States of America (see appendix).266 

 

7.3 Experimental section 

Ethyl 3-O-benzyl-4,6-O-benzylidine-2-O-(2-naphthylmethyl)-1-thio-β-D-

glucopyranoside (161) 
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Sodium hydride was added to a solution of compound 160 (1.0 g, 2.48 mmol) in DMF 

(20 mL) at 0 oC. The reaction mixture was stirred for 15 min at room temperature fol-

lowed by the addition of 2-naphthylmethyl bromide (824 mg, 3.73 mmol). The mixture 

was stirred for 2 h, quenched with saturated aqueous NH4Cl solution and extracted three 

times with ethyl acetate. The combined organic layer was washed with brine, dried over 

Na2SO4, filtered and concentrated in vacuo. The residue was purified by flash column 

chromatography with 15% ethyl acetate in hexanes to get compound 161 (1.31 g, 2.42 

mmol, 97%) as a pale yellow solid. 

[α]25
D -10.04o (c 1.02, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.90 – 7.67 (m, 4H), 7.58 – 

7.42 (m, 5H), 7.42 – 7.21 (m, 8H), 5.59 (s, 1H), 5.04 (d, J = 10.4 Hz, 1H), 5.01 – 4.92 (m, 

2H), 4.82 (d, J = 11.3 Hz, 1H), 4.60 (d, J = 9.8 Hz, 1H), 4.37 (dd, J = 10.4, 4.8 Hz, 1H), 

3.89 – 3.66 (m, 3H), 3.58 – 3.37 (m, 2H), 2.89 – 2.64 (m, 2H), 1.33 (t, J = 7.3 Hz, 3H);  

13C NMR (100 MHz, CDCl3) δ 138.5, 137.4, 135.6, 133.4, 133.2, 129.1, 128.5, 128.4, 

128.2, 128.1, 127.9, 127.8, 127.1, 126.5, 126.1 (2C), 126.0, 101.2, 86.0, 82.9, 81.7, 81.4, 

76.2, 75.4, 70.4, 68.8, 25.3, 15.3; HMRS (ESI) calcd for C33H34O5SK [M+K]+ 581.1764; 

found: 581.1744. 

 

Ethyl 3-O-benzyl-2-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (162) 

 

Ethanethiol (8.5 mL, 115 mmol) and p-toluenesulfonic acid (219 mg, 1.15 mmol) were 

added to a solution of thioglycoside 161 (3.13 g, 5.77 mmol) in dichloromethane (20 mL) 

at 0 oC. The reaction mixture was stirred for 30 min, quenched with triethylamine and 

concentrated under vacuum. The residue was purified by flash column chromatography 

with 60% ethyl acetate in hexanes to afford compound 162 (2.48 g, 5.45 mmol, 94%) as a 

white solid. 
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[α]25
D -17.78o (c 1.17, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.86 – 7.73 (m, 4H), 7.52 (d, 

J = 8.4 Hz, 1H), 7.49 – 7.41 (m, 2H), 7.39 – 7.25 (m, 5H), 5.10 (d, J = 10.4 Hz, 1H), 4.98 

(d, J = 11.6 Hz, 1H), 4.87 (d, J = 10.4 Hz, 1H), 4.72 (d, J = 11.6 Hz, 1H), 4.54 (d, J = 9.5 

Hz, 1H), 3.87 (dd, J = 11.9, 3.4 Hz, 1H), 3.75 (dd, J = 11.9, 5.1 Hz, 1H), 3.58 (t, J = 9.1 

Hz, 1H), 3.51 (t, J = 8.7 Hz, 1H), 3.44 (t, J = 9.0 Hz, 1H), 3.39 – 3.29 (m, 1H), 2.86 – 

2.63 (m, 2H), 2.07 (s, 2H), 1.33 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 138.5, 

135.4, 133.4, 133.2, 128.9, 128.3, 128.2, 128.1, 128.0, 127.8, 127.2, 126.4, 126.2, 126.1, 

86.0, 85.5, 81.7, 79.2, 75.6, 75.5, 70.7, 62.9, 25.4, 15.3; HMRS (ESI) calcd for 

C26H30O5SK [M+K]+ 493.1451; found: 493.1448. 

 

Ethyl 3,4-di-O-benzyl-2-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranoside (165) 

 

To a solution of compound 162 (500 mg, 1.1 mmol) in dichloromethane (10 mL) were 

added DMAP (27 mg, 0.22 mmol) and pyridine (0.45 mL, 5.5 mmol). The reaction mix-

ture was stirred for 5 min, and then DMTCl (373 mg, 1.0 mmol) was added and the reac-

tion was stirred for another 2 h. The reaction mixture was quenched with saturated aque-

ous NaHCO3 solution, and extracted three times with dichloromethane. The combined 

organic layer was washed with brine, dried over Na2SO4, filtered and concentrated. The 

crude residue was purified by flash column chromatography using 20-25% ethyl acetate 

in hexanes to yield compound 163 (754 mg, 0.99 mmol, 91%) as a slightly yellow solid. 

NaH (155 mg, 3.89 mmol, 60% in mineral oil) was added to a solution of 163 (735 mg, 

0.97 mmol) in a mixture of THF (15 mL) and DMF (6 mL) at 0 oC. After 10 min, benzyl 

bromide (350 µL, 2.91 mmol) was added and the reaction mixture was stirred at room 

temperature for 30 min. The reaction was quenched with water at 0 oC, and the aqueous 

layer was extracted three times with dichloromethane. The combined organic layer was 

washed with brine, dried over Na2SO4, filtered and concentrated. The crude residue was 

purified by flash column chromatography using 10-20% ethyl acetate in hexanes to obtain 

compound 164 (773 mg, 0.91 mmol, 94%) as a white solid. 
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Compound 164 (660 mg, 0.78 mmol) was dissolved in a mixture of dichloromethane (8 

mL) and methanol (1 mL) followed by the addition of TFA (66 µL, 0.86 mmol). The re-

action mixture was stirred for 2 h and quenched with saturated aqueous NaHCO3 solution. 

The reaction mixture was extracted three times with dichloromethane. The combined or-

ganic layer was washed with brine, dried over Na2SO4, filtered and concentrated. The 

crude residue was purified by flash column chromatography using 20-25% ethyl acetate 

to afford the compound 165 (392 mg, 0.72 mmol, 92%) as a white solid. 

[α]25
D 24.84o (c 12.5, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.87 – 7.70 (m, 4H), 7.57 – 

7.40 (m, 3H), 7.39 – 7.19 (m, 10H), 5.07 (d, J = 10.4 Hz, 1H), 4.99 – 4.82 (m, 4H), 4.66 

(d, J = 10.9 Hz, 1H), 4.53 (d, J = 9.8 Hz, 1H), 3.87 (dd, J = 12.0, 2.4 Hz, 1H), 3.77 – 3.66 

(m, 2H), 3.59 (t, J = 9.4 Hz, 1H), 3.46 (t, J = 9.3 Hz, 1H), 3.41 – 3.34 (m, 1H), 2.92 – 

2.61 (m, 2H), 1.81 (s, 1H), 1.33 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 138.5, 

138.0, 135.5, 133.4, 133.2, 128.7, 128.6, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8 (2C), 

127.2, 126.4, 126.2, 126.1, 86.6, 85.4, 81.9, 79.4, 75.9, 75.8, 75.3, 62.3, 25.4, 15.3; 

HMRS (ESI) calcd for C33H36O5SNa [M+Na]+ 567.2181; found: 567.2196. 

 

Ethyl 3,4-di-O-benzyl-2-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranosiduronic acid 

(166) 

 

Compound 165 (392 mg, 0.72 mmol) was dissolved in dichloromethane (5 mL) and water 

(1 mL). 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) (11 mg, 0.07 mmol) was added 

followed by (diacetoxyiodo)benzene (BAIB) (370 mg, 1.15 mmol) at 0 oC. The reaction 

mixture was warmed to room temperature after 15 minutes. Additional BAIB (105 mg, 

0.33 mmol) and TEMPO (11 mg, 0.07 mmol) were added. After 4 h, the reaction mixture 

was concentrated under vacuum and the residue was purified by flash column chromatog-

raphy with 20-25% ethyl acetate in hexanes (5% acetic acid) to obtain compound 166 

(326 mg, 0.58 mmol, 81%) as a white solid. 
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[α]25
D -14.32o (c 0.7, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.89 – 7.69 (m, 4H), 7.56 – 

7.40 (m, 3H), 7.37 – 7.14 (m, 10H), 5.06 (d, J = 10.5 Hz, 1H), 4.94 – 4.73 (m, 4H), 4.65 

(d, J = 10.7 Hz, 2H), 3.98 (d, J = 9.2 Hz, 1H), 3.85 (t, J = 9.0 Hz, 1H), 3.74 (t, J = 8.5 Hz, 

1H), 3.54 (t, J = 8.9 Hz, 1H), 2.81 (brs, 2H), 1.33 (t, J = 7.3 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 172.8, 138.2, 137.4, 135.3, 133.4, 133.2, 128.6, 128.6, 128.3, 128.2, 

128.1, 127.9, 127.86 (2C), 127.2, 126.4, 126.2, 126.1, 85.7, 85.4, 81.2, 78.8, 75.8, 75.7, 

75.2, 25.4, 15.3; HMRS (ESI) calcd for C33H34O6SK [M+K]+ 597.1713; found: 597.1901. 

 

Benzyl (ethyl 3,4-di-O-benzyl-2-O-(2-naphthylmethyl)-1-thio-β-D-glucopyranosid) 

urinate (167) 

 

To a solution of 166 (500 mg, 0.89 mmol) in dichloromethane (5 mL) were added benzyl 

alcohol (190 µL, 1.79 mmol), dicyclohexylcarbodiimide (DCC) (277 mg, 1.34 mmol), 

DMAP (22 mg, 0.18 mmol) and hydroxybenzotriazole (HOBt) (274 mg, 1.79 mmol) at 0 
oC. The reaction mixture was slowly warmed to room temperature and stirred overnight. 

The reaction was quenched with water and extracted three times with dichloromethane. 

The combined organic layer was dried over Na2SO4, filtered, and concentrated. The resi-

due was purified by flash column chromatography using 5-10% ethyl acetate in hexanes 

to afford compound 167 (580 mg, 0.89 mmol, quantitive) as a white solid. 

[α]25
D 1.59o (c 2.77, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.92 – 7.66 (m, 4H), 7.57 – 

7.38 (m, 3H), 7.38 – 7.17 (m, 13H), 7.15 – 7.03 (m, 2H), 5.24 – 5.10 (m, 2H), 5.06 (d, J = 

10.4 Hz, 1H), 4.94 – 4.79 (m, 3H), 4.72 (d, J = 10.7 Hz, 1H), 4.53 (d, J = 9.7 Hz, 1H), 

4.48 (d, J = 10.7 Hz, 1H), 3.94 (d, J = 9.7 Hz, 1H), 3.87 (t, J = 9.3 Hz, 1H), 3.70 (t, J = 

8.8 Hz, 1H), 3.53 (t, J = 9.2 Hz, 1H), 2.90 – 2.62 (m, 2H), 1.31 (t, J = 7.4 Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 168.3, 138.4, 137.9, 135.4, 135.2, 133.4, 133.2, 128.7, 128.7, 

128.6, 128.6, 128.5, 128.3, 128.1, 128.0, 127.9, 127.8 (2C), 127.2, 126.4, 126.2, 126.1, 

86.0, 85.9, 81.3, 79.5, 78.3, 76.0, 75.8, 75.2, 67.5, 25.3, 15.2; HMRS (ESI) calcd for 

C40H40O6SNa [M+Na]+ 671.2443; found: 671.2404. 
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Benzyl (ethyl 3,4-di-O-benzyl-1-thio-β-D-glucopyranosid) urinate (168) 

 

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (2.2 g, 9.71 mmol) was added to a 

solution of compound 167 (2.1 g, 3.24 mmol) in a mixture of dichloromethane (28 mL) 

and methanol (7 mL) at 0 oC. The reaction was slowly warmed to room temperature and 

stirred for 2 h. Then, the reaction was washed with saturated aqueous NaHCO3 solution 

until it was clear. The organic layer was dried over Na2SO4, filtered and concentrated. 

The residue was purified by flash column chromatography with 25% ethyl acetate in hex-

anes to yield compound 168 (1.35 g, 2.65 mmol, 82%) as a white solid. 

[α]25
D -31.33o (c 1.48, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.49 – 7.16 (m, 13H), 7.15 – 

7.03 (m, 2H), 5.24 – 5.07 (m, 2H), 4.90 (d, J = 11.3 Hz, 1H), 4.82 (d, J = 11.3 Hz, 1H), 

4.73 (d, J = 10.7 Hz, 1H), 4.46 (d, J = 10.7 Hz, 1H), 4.38 – 4.27 (m, 1H), 3.94 (d, J = 9.8 

Hz, 1H), 3.88 – 3.76 (m, 1H), 3.64 – 3.48 (m, 2H), 2.82 – 2.58 (m, 2H), 1.28 (t, J = 7.4 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 168.2, 138.4, 137.8, 135.1, 128.7, 128.7, 128.6 

(2C), 128.5, 128.1, 128.0, 127.9, 86.9, 85.2, 79.0, 78.6, 75.4, 75.2, 72.9, 67.5, 24.6, 15.4; 

HMRS (ESI) calcd for C29H32O6SK [M+K]+ 547.1556; found: 547.1514. 

 

Benzyl (ethyl 3,4-di-O-benzyl-2-O-levulinoyl-1-thio-β-D-glucopyranosid) urinate (94) 

O SEt
OLev
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BnO
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94  

To a solution of compound 168 (1.3 g, 2.56 mmol) in dichloromethane (15 mL) were 

added DMAP (62 mg, 0.511 mmol), levulinic acid (0.53 mL, 5.11 mmol), and DCC (791 

mg, 3.83 mmol). The mixture was stirred for 2 h at room temperature, filtered and con-

centrated under vacuum. The residue was purified by flash column chromatography with 
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25% ethyl acetate in hexanes to obtain building block 94 (1.4 g, 2.31 mmol, 90%) as a 

white solid. 

[α]25
D -42.85o (c 0.22, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.52 – 7.17 (m, 13H), 7.16 – 

7.00 (m, 2H), 5.16 (s, 2H), 5.05 (t, J = 9.5 Hz, 1H), 4.76 (d, J = 11.4 Hz, 1H), 4.73 – 4.63 

(m, 2H), 4.45 (d, J = 10.7 Hz, 1H), 4.40 (d, J = 10.0 Hz, 1H), 3.95 (d, J = 9.7 Hz, 1H), 

3.89 (t, J = 9.2 Hz, 1H), 3.68 (t, J = 8.9 Hz, 1H), 2.80 – 2.57 (m, 4H), 2.57 – 2.39 (m, 

2H), 2.15 (s, 3H), 1.22 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 206.2, 171.6, 

167.9, 138.0, 137.6, 135.1, 128.7, 128.6 (2C), 128.5, 128.4, 128.1, 128.0, 127.9, 127.8, 

84.2, 83.4, 79.3, 78.5, 75.3, 75.2, 71.6, 67.5, 37.9, 30.0, 28.1, 24.0, 14.9; HMRS (ESI) 

calcd for C34H38O8SK [M+K]+ 645.1925; found: 645.1935 
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